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THE EFFECT OF SURFACE CONDITIONS ON THE FATIGUE 
STRENGTH OF CEMENTED CA-'<BIDES 
SUMMARY 
Cemented carbide hardmetals have been produced since 1910 
and have gradually taken over from tool steels as the major 
material for high speed metal cutting and forming. 
One such forming operation is that of cold heading used 
in the production of nail and screw fasteners. This operation 
subjects a cemented carbide die to cyclic compressive and 
tensile stresses and may be considered as a fatigue process. 
Cold heading manufacturers have always been aware that some dies 
will produce millions of components and yet others will fail 
after a much smaller number and, in view of this, have reasoned 
that the surface finish of the die may be limiting factor in 
die life. 
This research has been carried out to investigate how the 
surface finish .affects die life and to find if there is any 
numerical correlation between surface finish and life. 
Commercially manufactured cemented carbides were subject 
to fatigue tr.tflls using standard miniature Wohler specimens. 
The grades of materials used were B, N and TT with a cobalt 
content of 6, 6 and 25% respectively. Grades N and TT were 
commercial grades with a grain size of1.5-Jpm, whereas B grade 
was an experimental grade with a grain size of J·o - 5,oJlm. 
The fatigue tests were carried out on W8hler rotating 
bending fatigue machines with stress levels on the specimens of 
between 700 and 1400 MNm2• 
Initial testing was carried out with specimens in the as 
receiv.ed ground condition. In order to demonstrate the effect 
of surface treatment on the fatigue performanoe of the test 
grades, the test specimens were subject to various mechanical 
and thermal treatments. 
These included:-
(a) Mechanical (diamond) polishing. 
(b) Beadblasting. 
(c) Stress relief in dry argon at 9500 C. 
(d) Combinations of the above treatments. 
In an attempt to simulate damage on die surfaces, a 
technique has been developed to induce circumferential notches 
on the surface of specimens. Using a diamond cutting tool it 
has been possible to place notches, with depth r~~ges from 
4 - 60~m, in the surface of all the test grades. When these 
specimens were tested in fatigue, it was demonstrated that the 
notch acts as a fatigue crack-initiator and produces a decrease 
in fatigue performance. 
The effect of the various surface treatments can be 
summarised as follows:-
1. There were variations in the fatigue performance between 
the test batches in anyone grade. 
2. The largest amount of scatter associated with fatigue 
testing was exhibited by N grade cemented carbide. 
3. Mechanical polishing of N grade specimens increases their 
fatigue life due to the removal of potential stress raisers in 
the surface. Polishing TT grade material produced a decrease 
in fatigue life because of the removal of the layer of compressive 
stress in the surfaces, which normally delays the onset of 
fatigue crack propagation. 
4. Stress relieving specimens by heat treatment in dry argon 
o 
at 950 C produces a decrease in life with TT grade specimens due 
to the removal of compressive stress, in contrast the results 
for N grade material show that there is no reduction in fatigue 
life. 
5. Beadblasting the specimen surfaces produces a decrease in 
fatigue performance for N grade specimens as surface grains are 
removed, the effect of which is to provide "sites" for fatigue 
crack initiation. The effect on TT grade is to raise its fatigue 
life by the placing of compressive stresses in the surface layers 
of specimens. 
6. Diamond notching the specimens with notches 4 - 60~m deep 
showed that the 11 grade material was able to withstand small 
notches ("'25).J..m) without seriously reducing .its fatigue life. 
However, TT grade material was found to be very notch sensitive. 
The results of this research indicate that, for industrial 
use, cemented carbide dies can be subject to surface treatments 
that will minimise the chances of early failure and optimise 
the fatigue life at the operating stress. 
When using B and N grade material care must be taken to 
ensure that a high degree of surface finish is imparted to the 
working surfaces. With grades of higher cobalt content, surface 
defects in the forms of scratches cannot be tolerated especially 
in a polished die surface. To optimise the life of this grade 
of carbide steps must be taken to place the surface layers in 
a state of compressive stress. This is best achieved by mechanical 
deformation of the surface. 
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1.00 INTRODUCTION TO THE 
PRODUCTION AND PROPERTIES OF HARDMETAL CEMENTED CARBIDES 
1.10 Historical Background 
Refactory carbides were produced as early as 1909 by 
CONNELL1 who developed a process of manufacturing electric 
meter bearings by fusing tungsten beads in the presence of 
carbon. By 1912, hot pressing of refactory carbides was suggested 
with the charge being heated by direct passage of an electric 
current. 
In 1914 VOIGTLANDER and LOHMANN2 applied for a patent 
to cover the manufacture of drawing dies and tool materials by 
the sintering of compacts pressed from powders of tungsten 
carbide. molybienum carbide and mixtures of the two. In view 
of this, Lobmann is generally accredited with the first production 
of commercial sintered hardmetals. 
Initially hardmetals had no binder phase of a more ductile 
metal until the introduction of the so called TIZIT alloys produced 
a hardmetal of considerably higher toughness by the addition of 
33% cobalt as a binder phase. Further work conducted by SCHOTER3 
enabled the cobalt content to be reduced to between 10 - 20%. 
This sintering procedure developed by Schoter became the accepted 
method for the production of cemented carbide tool material and is 
used in a slightly modified form up to the present day. 
1.20 Tungsten Carbide - Cobalt Hardmetal Production 
The stages in the production of tungsten carbide - cobalt 
hardmetals are as described below. 
powder Production: The tungsten carbide powder production route 
commonly employed is shown diagrammatically in Fig.1 and is as 
follows: 
a) Tungsten in the form of Wolframit~ (Fe Mn) W04 is chemically 
processed into ammonium paratungstate 5{NH4)20.12W03.xH20, 
tungstic acid H2W04 or tungsten trioxide (W03 ) {in general 
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ammonium paratungstate). 
b) This product is then reduced by hydrogen to tungsten 
powder. 
c) The tungsten powder is finally converted into tungsten 
carbide by heating it with the correct amount of carbon (usually 
in the form of lamp black). 
1.)0 Powder Milling 
The next stage in the powder preparation involves the 
mixing of the tungsten carbide with powdered cobalt. Until 
recently this has always been performed with the powders in a wet 
state in a ball mill, with the object of achieving the highest 
degree of mixing.. In the pursuit of this aim, the simple ball 
mill has recently been replaced by the attritor mill. This form 
of mill is more energy efficient than the ball mill and it enables 
substantial reductions in milling time to be made as small balls 
are used giving a larger number of point contacts between the balls 
and the powders being mixed. 
Once the powder has been wet milled, it is dried and a 
pressing lubricant added. This is to make the powder free flowing 
in the pressing machines. This part of the process route is 
carefully controlled as over-drying can lead to oxidation of the 
powders and excess lubricants can lead to porosity in the final 
sintering products. Fig.2 shows diagrammatically the manufacture 
of hardmetal components, each stage is described in the following 
sections. 
1.40 Powder Compaction 
The dried and lubricated powder is then fed to a range of 
presses, which can be either mechanical or isostatic types, to 
produce green compacts of the required shape. Compared with most 
other metal powders, cemented carbides have poor pressing properties 
and cannot be pressed to much above 65% of theoretical density. 
I~sPite of this, nearly 100% dense compacts can be produced by the 
sintering of the green compacts. 
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1.50 Sintering 
The sintering process is essentially one of densification 
and strengthening, see Fig.). 
density of about 6~ can only 
As previously stated a maximum 
be achieved by pressing. To 
achieve full densification the remaining )5% has to be achieved 
through sintering. In order for this to occur, subst~tial 
volume changes will take place within the compact (up to 25%), 
so that allowances must be made in the size and shape of the 
green compact in the pressing operation. 
Until recently the sintering of cemented carbides was 
carried out in a hydrogen atmosphere. Nowadays vacuum furnaces 
are tending to replace these furnaces with hydrogen atmospheres. 
The first stage in the sintering cycle is a preheat stage 
where the lubrication oils and binders are burnt out of the green 
o 
compacts, this occurs at around 400 C. After this the temperature 
o 
of the compacts is then varied to between 900 and 1150 C, depending 
on carbide grade and cobalt content. This produces a presintered 
green compact which may then be cut or ground to the finished 
component shape using diamond saws and abrasive wheels. 
The next stage is that of liquid phase sintering, which is 
carried out at temperatures in excess of 1)500 C, depending upon 
the cobalt content of the compact. Typical sintering temperatures 
for hardmetal carbides are 14200 C for ~ Co content and 1)800 C for 
15% Co content. These temperatures are below the melting point of 
pure cobalt (see Fig.4(a» but above the melting points of the 
W-Co-C and C-Co eutectics. These very high sintering temperatures 
are required since most metallic carbides remain brittle up to 
80 - 90% of their melting point, and processes such as self-diffusion 
and grain growth are very slow at lower temperatures. 
1.60 Liquid Phase Sintering 
If mixtures of components exhibiting little or no mutual 
solubility in the solid state are sintered below the melting point 
of each component, no liquid phase will be formed. However, surface 
and volume diffusion and finally recrystallisation followed by 
grain growth will take place. 
- ) -
Depending on the relative value of the interfacial 
tensions involved, and on the relative amounts of the components, 
structures can be developed which are characterised by grains of 
one component embedded in a matrix of the other, or by two 
continuous interlocking skeletons. Most important in the 
manufacture of cemented carbides are sintering operations taking 
place in the presence of a liquid phase which lead to heterogeneous 
end products. The structure of such products is comparable to 
that of the so called composite contact materials and heavy metal 
alloys, e.g. W-Ag,Mo-Ag,W-Cu-Ni. The cause of sintering in these 
systems and in particular the composition of the liquid phase 
formed at.different temperatures can be established from the phase 
diagrams. 
If systems such as the carbide-metal and boride-metal, 
which are characterised by complete mutual insolubility of the 
components, are sintere4 above the melting point of the metal 
component in the liquid phase (which generally is used in small 
amounts only); t~s has the function of filling the spaces between 
the solid refractory particles. After solidication these can be 
regarded as forming three dimensional "soldering" seams. All 
sintering processes in the cemented carbide'field take place in 
the presence of a liquid eutectic and accordingly at least a 
partial solubility at the sintering temperature of the carbide 
phase in the binder metal phase is a prerequisite of satisfactory 
sintering. When the solubility of the carbide component in the 
liqUid phase is limited, the specific coefficient of expansion and 
the equilibrium conditions at sintering and at room temperature 
are of decisive importance for the bonding process. 
1.70 Defects Associated with the Production of Cemented Carbides 
1.71 Carbon Inbalance: Departure from the stoichiometric 
ratio of C to W leads to structural changes, both of which can 
have serious effects on the performance of cemented carbides. 
Excess carbon leads to the formation of graphite, whilst 
carbon deficiency leads to the formation of (eta)~ phase W3C03C 
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. . 
(see Fig.5(a» which can occur in massive or fine forms. 
Graphite formation leads to premature cracking and failure in 
almost all tools, but is a particular problem in cold heading 
dies and hot mill rolls. There is a tendency during sintering 
for any carbon inbalance to be moved towards equilibrj~m, hence 
eta phase sometimes breaks down in situ. This leads to local 
cobalt concentrations which can take the form of cobalt lakes. 
These cobalt lakes,if large enough, can cause premature failure 
by acting as a crack source when the cemented carbide is loaded 
in stress. Eta phase in its various forms has been a particular 
problem in the manufacture of blanking tools, where massive eta 
phase acts as a crack in.i tiator and causes premature failure in 
service. 
1.72 Mixing Defects: Any defects associated with the mixing 
of the metal powders also have an interactive effect with sintering • 
. One such problem is the formation of cobalt lakes due to ineffective 
mixing of the binder and tungsten carbide. These lakes are much 
softer than the bulk material and cause problems in the fine 
finishing of virtually any tool surface. 
Sometimes the presence of inclusions of foreign bodies is 
noted in sintered products. This is nearly always due to bad 
"housekeeping" on the part of the carbide manufacturer. 
1.73 Sintering Defects: Oversintering of cemented carbides, 
particularly in the higher cobalt grades, leads to serious 
distortion and a high scrap rate. 
Sintering at too high a temperature can lead to grain 
growth and the formation of abnormally large grains. These, when 
subject to tensile stress can act as stress raisers and lower the 
fracture strength of the carbide. In view of this it is wise to 
sinter at just below the theorectically optimum sintering 
temperature. This however, causes further trouble in the sintering 
of dual grain size cemented carbides where a structure of two 
different grain sizes cannot be sintered under ideal conditions for 
both grain size populations. One population is therefore 
undersintered which can have a serious effect of the toughness of 
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the cemented carbide. 
The sintering process removes as much porosity as possible. 
However, there is always some residual porosity after sintering, 
partially due to the different coefficients of expansion of the 
component materials. 
(100 x magnification) 
This microporosity can be measured 
and read direct from a A.S.T.M. porosity 
chart. Types A1 - A2 are perfectly acceptable, however, type B 
porosity and isolated large pores are serious defects and in 
cemented carbide tools can lead to poor surface finishes or cause 
premature failure by acting as fracture sources. 
Typical Applications of Cemented Carbides: Cemented 
carbides have found a number of applications in industry based 
generally on two physical properties, i.e; extreme hardness and 
high compressive strength. Examples of the exploitation of 
extreme hardness are to be found in their use in wear resisting 
parts, e.g. wire drawing dies, guide rollers and some machine 
tools. In general these cemented carbides have a small (up to 
10%) binder content. Applications taking an advantage of their 
high compressive strengths are found in rock picks, throw-away 
machining inserts and cold heading dies. In general this property 
is produced by having a binder phase of up to 30% cobalt. Such 
grades are tougher because of the increased binder content and, 
therefore, less susceptible to fracture •. 
1.75 Aim of Present Research Work: The type of application 
also determines the surface finish afforded to the cemented carbide 
component. Throw-away machining inserts are normally supplied 
in the as ground condition with a surface finish equal to that of 
the final fine grinding operation. However, in the case of cold 
heading and wire drawing dies (see Fig.6) the surface finish of 
article being manufactured is dependent on the surface finish of 
the die" Normally a very high surface finish is afforded to the 
dies to impart a good surface finish to the product, but also to 
prevent premature failure in the die due to any defects in the die 
surface. Carbide manufacturers have been aware of this correlation 
between die life and its surface finish especially in cases where 
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the die is subject to alternating stress, such as in a cold 
heading operation. This research was inaugurated by a leading 
carbide manufacturer with the aim of examining the mode of die 
failure in an alternating stress situation and also to examine 
any relationship that exists between die life and its Burface 
finish. To fulfill these aims it was proposed to test various 
carbide grades in fatigue, using different surface finishes on 
the fatigue specimens. The surface finishes produced were 
measured and the mode of failure established from the broken 
specimens. 
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2.00 REVIEW OF PREVIOUS STUDIES 
2.10 Fatigue Crack Initiation 
Early theories of fatigue generally fall into two 
categories, those based on repeated slip leading to some form 
of damage along a preferred slip plane and eventually to a 
crack, e.g. attrition theory of EWING and HUMPHREy4 ; and those 
based on the repeated work hardening of a softer element surrounded 
by an elastic matrix, or of a grain surrounded by grains having 
different elastic limits and strain hardening characteristics. 
The work hardened element (or 'grain) either reaches a stable 
state not leading to fracture or work hardens until it reaches 
fracture, e.g. theories by FANASEU5 , DEHLINGER6 , OROWAN7• 
8 In 1965 YOSHIKAWA , produced a theory based on the critical 
amount of plastic strain being accumulated. From these early 
theories it follows that: 
(1) Fatigue failure is a consequence of the initiation of a 
crack and the subsequent growth of this crack. 
(2) In homogeneous metals cracks are initiated at a free 
surface and no damage is done to metal away from this surface 
by the cyclic stressing. 
(3) The initiation of a slip band crack is only possible in 
ductile metals. 
(4) Other materials may exhibit fatigue characteristics but 
this is due to the propagation of a crack from some initial 
defect or flaw. 
In ductile metals cyclic stressing can be thought of as a 
very sensitive technique for detecting the onset of plastiC 
deformation or slip in a particular surface grain. It is not 
necessary for the bulk of the grains in a piece of metal to deform 
plastically f'or it to fail by fatigue, cyclic plastic deformation 
in one localised surface region is sufficient. 
The general and basic features of fatigue failure are the 
nucleation of surface microcracks and their subsequent extension 
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across, and penetration into the body of the material. The 
increased life resulting from the removal of a surface layer at 
frequent intervals throughout a fatigue test demonstrates that 
crack initiation is confined to the surface grains. 
Ths direction of the development of surface microcracks 
is usually that of the operative slip planes. It remains so until 
a microcrack is of such a size that the amount it opens and closes, 
under resolved cyclic stresses acting normal to the crack faces, 
is sufficient to affect a large enough volume of material along 
its edge for it to grow as if in a continuum material. The growth 
process is now associated with the magnitude of the tensile strain 
range that is opened in the volume of material just ahead of the 
crack edge, which depends on the amount that the crack is opened 
and closed during the loading cycle. The direction of crack growth 
is now that which allows the maximum crack opening and closing during 
the fatigue cycle. Ideally this is approximately perpendicular 
to the maximum tensile axis and is independent of any crystalline 
slip plane, although in the early stages the crack may follow a 
crystallographic plane close to the ideal direction. The crack 
may now be termed a macrocrack, its growth rate is much faster than 
that of the initial microcrack and it now spreads rapidly through 
the bulk of the metal. 
In view of the fact that the initiation and development of 
surface microcracks are associated with localised surface regions 
of cyclic plastic strain, the fatigue strength of a metal or alloy 
will be increased by any metallurgical hardening process which 
increases, and decreased by any process which decreases the cyclic 
strain level required to maintain the cyclic plastic strain. As 
a consequence of this the initiation and development of microcracks 
by repeated slip along crystallographic planes wiil be influenced 
by local differences in microstructure (the more 'complex the 
microstructure the more pronounced the effect). From this it 
follows that the time taken, at a given stress level, for a 
microcrack to reach the macrocrack stage may vary in different 
specimens of nOminally similar material but having different 
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microstructures. However, on reaching the macro crack stage, 
local changes in microstructure generally have little effect 
on the growth rate. 
The fact that the initiation and development of microcracks 
are a consequence of cyclic plastic strain, means that whether 
or not they form is dependmt on the magnitude of the resolved 
maximum cyclic shear stress in the loading cycle. Thus the 
addition of a mean stress does not have a marked effect on the 
mean cyclic shear stress necessary to initiate a microcrack and, 
therefore, they are able to form under a wholly compressive 
loading cycle. 
A compressive mean stress however, tends to prevent a 
microcrack opening and SO retards its development to the macrocrack 
stage. The introduction of surface compressive stresses of sufficient 
magnitude and depth therefore increases the fatigue resistance of 
a specimen as a whole. 
Metallographic work has shown that the appearance and location 
of surface cracking depends on the metal stress level and temperature. 
At room .temperature and stress levels not too far removed from the 
fatigue strength necessary for long endurance, microcracks originate 
in most ductile pure metals and alloys from persistent active slip 
bands, which are spaced in an irregular manner over the surface 
grains. 
This banded nature is produced because it is more difficult 
for slip to occur on a plane on which slip has already occured 
than on a neighbouring plane on which slip has not occured previously. 
The fact that slip lines develop under cyclic stressing 
indicates that slip occuring during the reverse half cycle is not 
a reversal of that occuring during the forward half, otherwise 
the surface would remain smooth and no slip bands would be visible. 
This transfer of slip to neighbouring planes results in surface 
steps being created in a slip band. The ease with which slip can 
transfer to different planes, will determine the stress necessary 
to maintain continuing cyclic slip within a band. This transfer 
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of slip to neighbouring planes results in surface roughness 
which becomes more intense with increasing numbers of stress 
cycles and ultimately leads to the formation of intrusions and 
extrusions, the intrusions may be considered as microcracks, 
see Fig.7. 
The presence of a normal tensile stress across a slip 
plane for part of a loading cycle during a uniaxial fatigue test, 
(and its absence in a torsion fatigue test) will for the same 
maximum resolved shear stress amplitude enable a microcrack to 
reach the macrocrack stage more quickly. As slip band intrusions 
have been found to occur at liquid helium temperatures, it has 
been argued that their formation is by a purely mechanical 
movement of atoms. woon9 suggested that slip caused pronounced 
changes in surface topography and the formation of surface 
microcracks was a simple geometric consequence of cyclic slip 
movement within broad slip bands. COTTRELL and HULL10 proposed 
the model for forming extr~sions and intrusions on the surface of 
a metal, based purely on the mechanical movement of atoms, by 
supposing that two slip bands operate sequentially during both 
the tension and compression halves of the stress cycle, see Fig.7. 
Other dislocation models leading to surface cracking have 
11 12 been proposed by FUJITA ,MOTT and these have been summarised 
by KENNEDy13. They all essentially lead to a geometric cause of 
damage or to damage on the slip plane itself. 
Stress and strain concentrations around inclusions or 
intermetallics in highly alloyed metals, having a complex 
microstructure which inhibits slip, can result in cracks forming 
at the inclusion/matrix boundary, before the stress level necessary 
to cause cyclic slip in a surface grain is reached. This can occur 
either by initiating a crack as an internal notch, or by the 
inhomogeneity of strain causing the inclusion/matrix interface or 
the inclusion itself to fracture, which depends upon the strength 
of this interface. 
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2.' , Fatigue Crack Growth: Numerous apparently different 
"laws" of fatigue crack growth have been described in the 
li terature by CHRISTENSEN and HARJIlO N' 4, and by making various 
assumptions some of them can be derived theoretically. All 
the laws are essentially valid as they describe a particular 
set of fatigue crack growth data and they can be used to predict 
crack growth rates in situations similar to those used in the 
data. 
From linear elastic fracture mechanics there are three 
modes of crack growth: (see Fig.B) 
(I) THE OPENING MODE; in which the crack surfaces move 
directly apart. 
(II) THE EDGE SLIDING MODE; where the crack surfaces move 
normal to the crack front and remain in the crack plane. 
(III) THE SHEAR MODE; where the crack surfaces move parallel to 
the crack front and remain in the crack plane. 
In fracture mechanics only the macroscopic mode of crack 
growth is considered, crack growth at 450 (referred to a shear 
failure) is a combination of modes I and III, but usually treated 
in calculations as if it were mode I. For strictly two dimensional 
cases and thin sheet problems only, modes I and III can exist; 
mode II displacementscan only exist at internal or mathematically 
deep internal cracks. 
2.'2 Stress Intensity Factor K: Crack surfaces are stress free 
boundaries adjacent to the crack tip and, therefore, dominate the 
\ 
distribution of stresses in that area. Remote boundaries and 
loading forces affect only the intensity of the stress field at the 
crack tip. These fields can be divided into three types corresponding 
to the three basic modes of crack surface displacement, i.e. the 
stress intensity factor K (with subscripts If II and III) where 
K has the dimensions: 
(STRESS) x (LENGTH)t 
It is a function of the specimen dimensions and loading conditions. 
In general it is proportional to: 
(GROSS STRESS) x (CRACK LENGTH)t 
- '2 -
and is expressed in !J!Nm~. The opening mode intensity factor 
is then given by: 
t KI = C1" ('f't a). 0( • • • • • • • • • • • • • • • • • • •• (1) 
where 01.. factor dependent on specimen and crack configuration. 
The elastic stresses are then inversly proportional to 
the square root of the distance from the crack tip, and 
theoretically becomes infinite at the crack tip. Providing 
that only one mode is present, the stress intensity factor due 
to different loadings can be superimposed by algebraic addition. 
If more than one mode is present, the individual stress components 
and displacements can be similarly superimposed. 
Small scale non-linear, effects, i.e. due to yielding 
micro irregularities, internal stress and 450 crack growth in 
thin sheet do not affect the general character of the stress 
field and can be regarded as being within the crack tip stress 
field. It is found that under increasing load that the crack will 
start to grow when KI reaches a critical value K1c and will 
continue to grow as long as the loading conditions are such that 
KI ;> ~c· 
2.13 Crack Direction: Irrespective of the initial crack 
orientation, a static or a fatigue crack in anisotropic material 
usually tends to grow in mode I. The forward direction is along 
a plane intersecting the crack tip and perpendicular to the greatest 
local tensile stress. This plane is often approximately the same 
as the one perpendicular to the maximum principa.l tensile axis in 
the uncracked specimen. For the two dimensional case, the direction 
of initial crack growth is along the princip~l stress trajectory, 
whose direction is given by: 
KI sin e = Kn (3 cos e - 1) •••••••••••• (2) 
If mode III displacements are present, a preferred plane 
for crack growth will intersect with the crack front at only one 
point so that initially the crack may be constrained to a less 
favourable path. 
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In the analysis of fatigue crack growth data, the load 
range is usually described by: 
lI.K = K max K. • • • • • • • • • • • • • • • •• (3) ml.n 
where K 
max 
and K i are the maximum and minimum values of KI 
"m n 
during the fatigue cycle. 
It has been shown experimentally by PARIS15 that t~e AK 
rather than K has a major influence on fatigue crack growth 
max 
and if AK is constant, the fatigue crack growth rate is 
16 11 
constant ' • 
For many materials subjected to only a tensile loading 
cycle the rate of fatigue crack growth is given by: 
m 
= D (.6.K) •••••••••••••••••••• (4) 
where N - number of cycles; 
D - material constant; 
m - is an exponent usually 3 or 4. 
If t:. K is below a certain threshold value, fatigue crack 
growth does not occur, this has been proved experimentally by 
RICE18 using a rigid plastic strip model. 
2.20 Fatigue Crack Growth in WC-Co Cemented Carbides 
In the production of pressure vessels and structures the 
importance of knowing the fatigue resistance of the constructural 
material is widely recognised. However, there is an absence of 
information on the fatigue properties of hardmetal carbides 
used for cutting or forming operations. These hardmetal carbides 
are often used in situations where they are subjected to intermittant 
stress and vibration. This type of working environment may be 
conduci ve to fatigue type failu're, especially with cemented carbides 
which fail early in their working life. 
The practical barrier to obtaining reliable fatigue data 
for such hardmetals has been recently overcome by ALMOND and 
ROEBUCK19 with their wedge~indentation method for introducing a 
sharp crack with hardmetals. Using this technique these authors20 
have reported fatigue crack growth data for WC - 6% Co, WC - 9% Co 
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and WC - 11% Co hardmetals offine and coarse grain size. Crack 
growth was measured in thin foil specimens by the potential 
drop method. This test developed by IRVING and KURZFELD21 was 
concluded when the crack had ;;;rc.li.n large enough (::::. 3.3mm) to 
propagate unstably at the point when the KI value reached the 
KIc value for the material (24 MNm~). It was found from an 
examination of the fracture surface that regions corresponding 
to fatigue crack growth could be distinguished from those of 
to 
unstable ductile fracture. The occur,nce of a low ductile fracture 
mode in ·the binder phase during fatigue crack growth was related 
to a high value of m =- 10 in equation (4): i.e. ~ D D (A K)m 
for fatigue crack growth rates. This m value co~ares well with 
values in steels of m; 6 or 7 for intercrystalline or transgranular 
cleav.age, with associated low amounts of ductility. 
The lack of fatigue striations, indicating ductility in 
the fatigue crack growth tests is not surprising, since the 
discontinuous nature of the microstructure would make it difficult 
to produce the discrete co-ordinated movements of the crack front 
required to give regularly spaced markings on the fracture surface. 
2.30 Application of Fracture Mechanics to Cemented Carbides 
2.31 Determination of KIc : The determination of fracture 
toughness values for most metals is performed using the transverse 
rupture test and measuring the failure stress. However, when this 
technique is applied to cemented carbides a large amount of 
scatter is apparent in the results and the test is very sensitive 
to the surface finish of the specimen being tested. For this 
reason SCHWARZKOPP and KIEFFER22 have recommended a grinding and 
polishing technique prior to testing. This sensitivity of the 
transverse rupture to surface finish has lead to other methods 
of testing being devised. ALMOND and ROEBUCK19 , 23 have used a 
wedge indentor to crack a specimen in a three point bending rig, 
the failure stress being used to detetmine the fracture toughness. 
It is worth noting that this method has also been used in 
the measurement of fracture toughnese in A1 203 and 8i02• KENNy24 
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has repor.ted a technique for measuring absolute values of K1c 
in cemented carbides, which are claimed to be insensitive to 
surface finish. This method uses specimens which are 
pre-cracked with a Knoop indent or in a Vickers hardness machine. 
The specimens are then loaded in four point bending mode and the 
failure stress determined which is then used to give a fracture 
toughness value. A further method of K1c determination which 
is suited to actual production components has been suggested by 
LATIN25 • Using this method the component is shaped to a cutting 
edge and subjected to a heavy blow to break a rock specimen. The 
energy absorbed is used to calculate the fracture toughness value; 
however, this particular method is subject to large scatter in 
the results. 
2.32 Relationship between K1c and Structural Properties: The 
relationship between fracture toughness and structural properties 
has been examined by several workers. CHERMANT et al26 determined 
experimental values of K1c and the plastic zone radius for 
cemented carbides with various cobalt contents and grain sizes. 
After correlating these values with the microstructural and mechanical 
parameters, they found that the value of K1cfor a given grain size 
increases with cobalt content. 
to be a linear and increasing 
This variation in K1c was observed 
function of the mean free path in 
the cobalt phase. From these results a statistical analysis of 
the fracture path showed that the fracture paths can be statistically 
determined for notched specimens but not for unnotched specimens. 
This relationship has been examined further by GURLAND27 , 
who noted that the fracture strength variation of cemented carbides, 
as a function of the mean free path, needed to be divided into 
two ranges. 
Above mean free paths of values· 0.3 - 0.6 )U m, the strength 
depends on the spacing of the particles and on the resistance to 
fracture of the individual carbide grains. This strength variation 
with structural parameters follows essentially a dispersion 
hardening relationship. The fracture process begins with the 
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independent and discontinuous cracking of the carbide particles. 
This is confirmed by NISHIMATSU and GURLAND28 who looked at 
the metallographic examination of fracture initiation in cemented 
carbide cobalt alloys. They noted that in the failure of high 
cobalt alloys, failure is precpeded by localised plastic deformation 
of the matrix and discontinuous cracking of individual carbide 
grains. The fracture process is thought to consist of the 
independent rupture (under rising loads) of an increasing number 
of carbide grains until the remaining undamaged grains can no 
longer support the stress and the specimen fails. 
Below the critical value of the mean free path the strength 
is controlled by the ease of crack propagation from a critical 
flaw in the matrix or carbide phase, and the strength variation 
with structural parameters is based upon the Griffith criterion 
of fracture. This type of fracture is continuous and catastrophic, 
it occurs in cemented carbides with low cobalt contents with cracks 
propagating from a single flaw or a small number of sources. On 
failure the fracture is continuous and the fracture path is 
almost completely contained within the carbide phase. 
The maximum fracture strength in cemented carbides is 
reached at the transition between the two fracture modes, when 
the structure and load just satisfy the critical conditions for 
spontaneous crack propagation. 
The passage of a fatigue crack through the cobalt binder 
phase is associated with the plastic deformation of the binder 
phase. LINDAU29 has noted that the KIc value for WC-Co cemented 
carbides increases with increasing cobalt content; as the cobalt 
is available for plastic deformation which hinders crack propagation. 
SARIN and JOHANNESSON JO have stated that plastic deformation in 
the binder phase occurs via a PCC-. CPH cobalt transformation. 
They envisage this process as a passage of a Shockley partial 
dislocation on every second close packed plane. They also argue 
that since there is only one slip plane in the CPH lamellae, 
compatibility demands become increasingly hard to meet as plastic 
.deformation proceeds. Thus, when a certain strain level is reached 
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the binder cracks. 
CHERMANT and OSTERSTOCK31 have also confirmed the 
dependence of KIC on binder content. They have investigated 
the ductility of the cobalt phase and the appearance of plastic 
deformation prior to fracture. They have proposed that fracture 
takes place in the cobalt phase via a dislocation mechanism 
DOI32 and coworkers have been able to show the presence of 
dislocations which are considered to be generalised in the ductile 
cobalt phase. At relative low stresses these dislocations may 
be considered to pile up against the carbide crystals. It is 
possible in such a mechanism to·t ake into account. the interaction 
of the cobalt and carbide phases, utilizing their microstructural 
parameters. Such a mechanism has been proposed by PETCH33 • 
For a pile up of n dislocations 
n = (erxy - r:roxy) I
cl
)ib ••••••••••••• (5) 
has an energy per unit length,)l of 
).l = (er xy - crxyo)2 Ico 2/4 'ff (1 -v>"u •••••••••• (6~ 
where Ico - mean free path in the cobalt phase. 
(j xy - final shear stress. 
(j xyO _ initial shear stress. 
This pile up causes a carbide crystal to fracture if its 
energy is equal to the energy necessary to produce two new 
surfaces, 2 '( s dwc 
where \{ s - surface energy 
d - mean diameter of carbide crystal. wc 
The equality of the two energies leads to the microstructure 
2 quantity I d 
co wc 
then I 2 d - &r . I/' 0 2 
co wc - ~ (1 - v ) }l / (CT xy - (S xy) • • • • • • • • •• (7) 
This dislocation mechanism is believed to play an important 
role in the initiation and propagation of a crack. 
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Observations of Fracture Mechanisms in WC-Co Cemented 
Carbides 
The fracture of cemented carbides loaded in compression 
and bending has been investigated by several authors using a 
variety of microscopic techniques. Due to the small grain size 
of cemented carbides, the microscopic techniques that have been 
employed are largely electron optical techniques; however, 
optical microscopy has been used to determine the course of 
failure with large cemented carbide components. 
Transmission electron microscopy on thin foil specimens 
has not been done to any great extent on cemented carbides, due 
to difficulty in m~ufacturing the thin foils. HARA et al 34 
has used the transmission electron microscope to examine the 
fracture of WC - 6% C, cemented carbide material. They reported 
the presence of subgrain boundaries and dislocations in the WC 
grains together with many stacking faults in the cobalt phase. 
Evidence of this plastic deformation together with a large 
tendency for fracture t~gh the binder phase was also reported 
by VISWANADHAM35 who used Auger Electron Spectroscopy to examine 
the fracture mode in low binder content cemented carbides. 
Using direct scanning electron microscopy LUYCKX36 has 
studied precisely matching areas of fracture surfaces obtained 
from bending and fatigue specimens, with a binder content 5 - 10% Co 
and large (4)Jm) grain size. This author noted plastic deformation 
on the fracture surfaces that appeared on carbide grains as slip 
lines and in the binder phase as tearing features. It was 
suggested that the presence of "dimples" in the binder phase may 
be the result of the coalescence of microvoids during the fracture 
process. These voids probably being produced in the small 
volume change which accompanies the FCC ~ CPH transformation 
in the binder phase when it is subjected to plastic deformation. 
These observations have also been noted by HARA et al37 who 
used replicas in a transmission electron microscope. They found 
that fracture in WC grains only occurs in large WC grains. In 
fine grain cemented carbide,WC grain. fracture was E2! observed. 
- 19 -
In order to determine the exact mode of failure for 
alloys containing different grain sizes and cobalt contents 
FUKATSU et a138 have examined the fracture surfaces of various 
alloys and have evolved a diagramatic model. From these 
observations they concluded that failure in cemented tungsten 
carbide may occur by the following modes. 
Type A 
Types B/C 
Fracture by cleavage steps in WC grains. 
Flat face fracture in WC/WC grain boundaries or 
WC/Co interface. 
Type D Tear drop fracture in cobalt binder. 
Referring to Fig.9:-
Type A Failure occurs in regions where WC grain size is 
larger than about 5)U m and cobalt· content less than 15%. 
Types B/C Failure occurs in regions where WC grain size is 
smaller than 2)4 m and the cobalt content less than 7%. 
Type D Failure occurs in regions where WC grain size is 
smaller than 4~ m and cobalt content is more than 20%. 
The mode of failure by crack propagation through the binder 
phase in high cobalt alloys was also studied by KRIEMER et a139 
as part of an investigation into the relationship that exists 
between ultimate tensile strength and cobalt content for cemented 
carbides. 
They observed that if the carbide grain size is not more 
than 4}A m, cracks are propagated in the cobalt interlayers which 
are mainly at the interface with WC/Co. By examining several 
alloys, the authors . proposed two mechanisms for the fracture of 
WC/Co alloys subject to bending. 
Referring to Fig.10:-
(i) On ascending part of curve (L.H.) the strength is determined 
by the plastic deformation of the cobalt, which accompanies the 
propagation of the crack. 
(ii) On the descending branch (a.H.) the strength is determined 
by the plastic deformation of the cobalt which precedes the 
formation and propagation of the crack. 
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2.50 Surface Finishing and Its Effect on Properties of 
Cemented Carbides 
Previous researches in this field can be split into two 
divisions. Those concerning the effect of surfaceflnishing on 
mechanical and physical properties of cemented c~rbides and 
those examining the effect of surface finishing on the stress 
state of cemented carbides. 
2.51 Mechanical and Physical Properties: Several authors 
have investigated the effect of grinding as a finishing technique 
on the mechanical properties of cemented carbides. YOKOHAMA and 
SADAHIR040 found that grinding introduces a deformed surface 
layer. The heavier the grinding the shorter the crack produced 
by the PALMQUIST41 method. The Palmquist teet is the measurement 
of cracks formed when a Vickers indent or is pressed into a polished 
cemented carbide surface. 
This deformed surface layer was quoted as being in compression, 
hence the blunting of cracks produced in it. However, the authors 
reported that the crack length increased when the specimens under 
investigation 
around 8000 C. 
were subsequently polished or annealed at temperatures 
It was found that the crack length achieved a 
maximum when the specimens were annealed after polishing. 
This finding conflicts with work by KENNy24 who as part of 
his work on fracture toughness measurement, noted that increased 
resistance to crack propagation could be achieved in as little 
as 2t minutes by heating the specimens in dry hydrogen at 7500 C. 
Confirmation of the increased resistance to crack propagation 
was produced by SUZUKI and HAYASHI42 who examined the effect of 
mechanical grinding on the 'tf- '7 transformation in the cobalt 
phase of cemented carbides having cobalt contents between 6 and 
30% Co. They concluded that the hardness of these alloys, and 
particularly the binder phase, was increased by grinding. They 
also noted that the binder phase was found to undergo a small volume 
change due to the ?J- '7 transformation. The authors also 
examined the decrease in crack length with mechanical grinding. 
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They found that for one set of crack lengths around a Vickers 
indentation the frequency of crack paths in the binder phase 
was larger in an orientation perpendicular to the grinding 
direction compared with an orientation parallel to it. This they 
concluded was due to anisotropy in the formation of the plate 
shaped 7 phase in relation to the grinding direction. 
The effect of surface grinding on the Transverse Rupture 
strength of cemented carbides has also been investigated by 
SUZUKI and HAYASHI43 • They examined the effect of surface 
grinding on the transverse rupture strength of 10 - JOjf; Co 
cemented carbides with special reference to the defect size in 
the alloys. They concluded that in each alloy, the ground 
specimen showed a higher strength than the polished specimen, 
with the characteristic that the fracture did not essentially 
originate on the surface but within the specimen. It was also 
noted that the average fracture source dimension was larger in 
ground specimens compared to polished specimens. 
Most authors have described work performed on cemented 
(larbide ". samples subjected to Itatic loading. A few however, 
have looked at the effect of surface finishing methods on the 
fatigue behaviour' of ~emented carbide. LINKENKO and MEL'NIKOV44 
have examined the effect of diamond polishing and vibrational 
treatment on cemented carbide rock drills. They concluded that 
the use of diamond grinding or vibrational working for a hard 
alloy after sintering, increases its strength properties, 
especially its cyclic strength. They also found that diamond 
polishing if carried out in the form of a diamond electrolyte 
polishing technique is a strengthening method of surface treatment. 
In achieving these increases in cyclic life and strength, they 
concluded that diamond working has a greater effect on the mosaic 
block size and less on lattice microdistortions. Vibrational 
working however, has a stronger action on the lattice microdistortions 
(non-uniform elastic deformation in microareas) and less on 
breaking up the mosaic blocks. Further work on vibrational treatment 
has been done by ALEKSANDROVA et al45 • This work was concerned 
with the vibrational treatment of rock drills. The rock drills were 
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vibro-treated in a medium of fused synthetic corundum followed 
by a hardening treatment in a medium of hard 'alloy spheres in 
calcined soda. It was found that using this technique the 
properties of the alloy depend on the amplitude, frequency of 
vibration and time of treatment. Using this treatment the 
service life was increased by up to one order of magnitude. 
This increase in service life was attributed to the compressive 
stress placed in ,the surface layers of the rock drills by 
vibro-treatment. 
A further surface treatment considered is that reported 
by LOSHAK46 , who examined the effect of shot blasting cemented 
carbide machine tool bits with steel shot. They showed that 
impact and bending strength increased with shot blasting. In 
cyclic tests the service life of carbide tools that had been 
shot blasted was shown to increase by an order of magnitude. 
It was found on micro-examination that the depth of compressive 
stresses generated by shot blasting was 0.4mm compared with 
0.03 - 0.05mm produced by diamond grinding. 
2.52 Effect of Mechanical Work on the Stress State of Cemented 
Carbides: It is now generally agreed that in the case of sintered 
cemented carbides, the carbide phase is in compression, whereas a 
tensile stress exists in the binder (cobalt) phase. These stress 
conditions are produced when the sintered cemented carbide cools 
from the sintering temperature causing volume changes due to the 
different coefficients of thermal expansion of the two constituents. 
Several authors have noted changes in the stress conditions 
upon mechanical working and heat treatment. Equally, other 
authors have reported work to measure these stresses by two main 
techniques, that of magnetic and X-ray methods. TOMANOV and 
CHEREDINOV47 used the principle of magnetic loss during magnetic 
polarity reversal to determine the micro-stress in the cobalt 
mode. By employing a low power factor wattmeter and induction 
pick up, they noted that the increase in micro-stress and alloy 
density induced by the appliCations of compressive stresses 
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(150 - 220 kW/mm2) could be attributed to work hardening and 
the growth of dislocations within the cobalt phase. The 
application of larger stresses (270 - 290 kN./mm2) resulted in 
the formation of sub-microcracks in those volumes of the specimen 
where the critical dislocation density had been attained. On 
further investigation this was followed by microcrack initiation 
and propagation, with microscopic crack formation being seen. 
This final ftage was characterised by a decrease in alloy density 
This and a pronounced fall in the stress in the cobalt phase. 
agrees with the work done by PELEPELIN48 who found that volume 
compression of specimens containing large plastic strains, lead 
to the appearance of sub-microcracks in carbide grains and a 
reduction in the density of the alloy. 
The effects of annealing cemented carbide that have been 
plastically deformed was examined by INVENSEN et al49 • They 
used a hydrogenftmosphere in the annealing furnace, and changes in 
the stress sta~e of the WC-Co alloys were measured by determining 
the recovery of coercive force. They noted that for a deformed 
alloy the level of coercive force is determined not only by the 
work hardening of the cobalt phase, but also by the changes at the 
carbide/cobalt boundaries, where defects were found to manifest 
themselves in terms of loss of adhesion. 
Using X-ray techniques the micro-stress in the constituent 
phases of cemented carbides can be measured. These micro-stresses 
are measured as micro-strains and then knowing the Elastic Modulus, 
the micro-stresses can be obtained. 
The most reliable strain measurements are obtained from the 
shifts in position of the X-ray diffraction peaks, i.e. from the 
change in lattice spacings due to the deforming stresses. These 
shifts are generally followed by changes in peak height and line 
broadening. The changes in the lattice spacing due to stresses 
-If. 0 -s 
are very small, i.e. of the order 10 A or 10 nm; therefore, a 
high accuracy is required in measuring the shift in position of 
the diffraction peaks. This is obtained by working within the 
Bragg angle range e : 70 - 900 ; since in this range small changes 
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in the lattice spacing can be measured with great accuracy. 
This accuracy is improved if a slow scanning speed is used 
coupled to the greatest possible sample area. One disadvantage 
of this technique is however, the fact that the penetration 
depth in metals is quite small, i.e. 5 - l0}tm, and so the 
stress state under examination may not be representative of 
the stress state in the bulk specimen. OHMAN and PARNAMA50 
used an X-ray technique to study the residual stress formed by 
mechanical working on the surface of WC-Co alloys. They stated 
that compressive stresses were formed in the carbide grains where 
as the cobalt was in tension, the magnitude of the stress in the 
cobalt grains being related to the amount of cobalt surrounding 
them. They noted that grinding induces additional compressive 
stresses into the carbide phase and additional tensile stresses 
into the binder phase, these additions being greatest for lower 
cobalt content alloys. In terms of stress state, they noted that 
for sintered and fracture surfaces there exists a triaxial stress 
state; whereas for ground and polished surfaces there is a 
biaxial stress state. Further work by PARNAMA51 showed the binder 
phase can acquire a compressive stress under abrasive polishing. 
This additional compressive stress is thought to be thermally 
induced during the abrasive treatment. According to Parnama the 
compressive stresses in the cobalt increase with increasing cobalt 
content. However, deviations from this relationship have been 
noted for high cobalt alloys due to thermal relaxation of the 
binder phase. The compressive stress thermally induced can also 
be removed by polishing away the mechanically worked surface 
layers. 
This work has been confirmed by HARA, MEGAT et 8152• They 
found the largest compressive stresses in the carbide grains were 
formed on grinding with SiC (stresses of more than 100k~/mm2). 
However, they decreased in the following order: diamond grinding, 
electrolytic grinding and lapping. 
They estimated that the affected depth zone of the 
residual stress was at the deepest 20 - 30P. m for SiC grinding, 
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and at the shallowest 5 - 10)!m for diamond lapping. During these 
investigations they analysed the X-ray profile, and by profile 
analysis it was shown that there was a remarkable reduction of 
the WC domain size and in increase in lattice strain on the 
ground surface. This reduction in the WC domain size has also 
been confirmed by FRENCH 53• 
2.60 Fatigue Testing of Cemented Carbides 
Most of the physical properties of cement0d carbides have 
been widely investigated by numerous authors. The fatigue 
behaviour however, has not had such widespread treatment. 
DAVIES and BARHANA54 investigated the effect of surface 
finish on the fatigue behaviour of a WC 25% Co alloy. This 
alloy was loaded at 60 - 70% of its ultimate tensile strength 
in a rotating bending fatigue machine. The authors reported 
that the fatigue life·increased with improved surface finish and 
varied linearly with applied stress. In investigating the fracture 
surfaces they found no fatigue stria tions, but a slow crack growth 
stage was observed leading to fracture almost exclusively in the 
cobalt phase. 
Other testing techniques using rotating bending fatigue 
machines have been reported by MIYAKE et a1 55 and HARAStet. al. Both 
these authors noted that the fatigue strength of cemented carbides 
increases with increasing cobalt content. They also agreed that I 
during fatigue the cobalt binder phase undergoes the transformati, 1 
'iCo(Fcc) 
-
lCo (Cph), the amount of 1 increasing with 
increasing fatigue cycles. On investigating the fracture Miyake 
reported that the fatigue crack (or cracks) ran emissively from 
dominant stress concentration. Hara on the other'hand reported 
that the condition of the fracture surface varied with the 
propagation velocity of the fracture crack, i.e. an initial 
transgranular crack could become intergranular with increasing 
crack velocity. 
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mechanical properties of conventional sintered specimens and 
those of Hot Isostatically pressed. They found the fatigue strength 
of a 12% Co alloy to be increased when the specimens were hot 
isostatically pressed. The fracture toughness value however, 
was not effected by such treatment. 
Quantitative fatigue results for cemented carbide have 
58 been published by EVANS. This author tested a 6% cobalt 
alloy in "push-pull" type fatigue at a cyclic speed of 103Hz. 
In investigating the·crack growth rate it was found to be very 
dependent on the frequency used in testing. The 
examined the crack tip extension of WC-Co alloys 
same author 
59 during fatigue • 
In his examination he describes the formation of metal (cobalt) 
ligaments on either side of the crack tip, which he claims supply 
crack closing faces, due to their superior toughness. 
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3.00 EXPERIMENTAL DETAILS 
3.00 Specimen Grades and Manufacture 
Specimens for this research programme were supplied in 
three grades from Sanvik Limited. As a means of testing a 
large number of specimens and also for confirming quality, 
three batches of each grade were supplied. The physical properties 
of the supplied cemented carbide grades are given in Table 1. 
Fatigue specimens were manufactured by Sanvik Limited to 
the drawing shown in Fig.11. This specimen, known as a miniature 
~ohler specimen, was chosen for economic reasons as larger 
specimens would be substantially more costly in terms of material 
and preparation costs. 
The green compacts were produced using the normal route 
(see section 1) then sintered in a vacuum furnace and supplied 
as centerless ground rod. The radiused mid-sections of the 
specimens were then ground wit~ a contoured form grinding wheel 
in the transverse direction of the specimen. The specimens for 
this research programme were supplied in this as-ground state. 
3.10 Surface Finish Measurement 
In order to differentitate between the different types 
of specimen surface and to enable quantitative measurements to 
be made, a Rank Hobson Talysurf 10 surface measuring instrUment 
was used. Using this instrument, a diamond stylus (1.5 Mm radius) 
traversing the surface to be measured converts its vertical and 
horizontal displacement into electrical signals which can be 
interpreted either as a graph plot of surface roughness or as 
instrument readings of average surfac.e roughness (Ra) and 
individual peak amplitudes of surface roughness (RTM). These 
two measurements are expidned in more detail (see Fig.12a). 
The Ra value of the surface is the average height of 
the profile above and below the center line, it is expressed as 
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follows: 
Ra ;: h2 .,. h!l + h ... ..... hn : tl ~h) ~ h 
o 
L 
where L is the height of the profile above or below the centre 
line at points unit distance apart, and L is the sampling 
length. 
The RT value of the surface is the maximum peak to valley 
height over each of five successive sampling lengths within the 
transverse length of the surface. The RTM (or mean value) is 
the average of the five successive values (see Fig •. 12b). 
The talysurf was set up· to sample over a length of 1.3mm. 
This sample length was chosen so as to enable the surface finish 
to be measured over the centre of the specimen. The calibration 
of the instrument was then checked by measuring a known standard 
surface. Typical talysurf traces are shown in Fig.13. 
The first specimens to be measured were N and TT specimens 
in the "as ground" supplied condition. The specimens were placed 
in V blocks and their surface roughness measured in the 
longitudinal direction. Values of Ra, RTA! and RT (the five 
maximum peak heights) were noted at the end of each traverse of 
the stylus. The measurements were then repeated after the specimen 
o 0 had been rotated through 120 and 240. This measuring procedure 
was repeated for all specimens with various surface treatments 
prior to fatigue testing of the specimen. 
3.20 Fatigue Machines 
The fatigue testing of the cemented carbide specimens 
were performed in the Wohler type rotating bending machine. These 
were modified and equipped with small collet-type grips to hold 
the miniature specimens. These modified grips are shown in 
Fig.14. The collets used were obtained commercially from 
Unimat Limited and in use proved to be entirely satisfactory 
with·no signs of fretting between specimens and collets. 
The Wohler machine is designed in such a way that the 
movement of a weight along a rail increases or decreases the load 
applied to the end of a rotating fatigue sample. This produces 
- 29 -
a tensile stress along the top surface of the specimen and an 
equal but compressive stress on the lower surface of the 
specimen. As the specimen is rotating the entire surface of 
the specimen is subjected to an alternating tensile!compressive 
stress cycle. The magnitude of these alternating stresses 
could be calculated knOwing the bending movement produced by 
the loading arrangement. However, it was thought that the 
actual surface stresses on the specimens should be calibrated 
directly. This calibration was performed under static loading 
conditions by the use of miniature strain gauges. 
3.30 Calibration of Fatigue Machines 
In order to measure the surface stresses on the specimens 
it was decided to strain gauge the centre of the specimens at 
the point of smallest cross sectional area where the material 
would experience maximum stress. In order to do this,strain 
gauges (made by T.M.L.) of 1mm gauge length and of 120iL 
resistance (type FLE-1) were used. 
o Two gauges were attached, 180 to each other at the centre 
of a specimen, after the specimen surface had been prepared in the 
following way. The specimen surface was first degreased in ether, 
then etched using an alkali and finally neutral. ised. The 
gauges were attached to the prepared surface by use of a polyester 
resin (both the resin and surface preparation solutions were 
obtained commercially from the suppliers of the strain gauges 
hence their exact compositions are not available). When the 
strain gauges were attached to the specimen surface, the gauges 
were kept in close contact with the specimen surface using a 
spring loaded clamp. This was to ensure maximum surface contact 
and the exclusion of air whilst the polyester resin set. Upon 
fixing to the specimen surfaces the fine leads from the strain 
gauges were soldered to larger leads which in turn lead to two 
"arms" of a wheat stone bridge resistance network. This network 
was then balanced by a calibrated strain gauge amplifier. Using 
this system any change in resistance in the strain gauges could 
be measured as a change of strain on the amplifier (Fig.15). 
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The specimen with its associate strain gauges was first 
inserted in one collet of the fatigue machine and the amplifer 
calibrated to read zero external strain. The other end of the 
specimen was then entered into the other collet and the loading 
weight positioned at one end of the loading beam. With the 
strain gauges placed on top and below the specimen, the maximum 
tensile and 
then turned 
compressive strains were measured. The specimen was 
o through 180 and strain measurements taken again. 
This was performed to determine the symmetry of the specimen 
and of the strain gauges. The loading weight was then moved to 
a higher load, its position was noted and the corresponding strains 
measured. 
This exercise was repeated until the load was at its 
maximum point. Knowing the Youngs modulus value for the specimen 
grades it was then possible to plot a calibration curve of loading 
weight position ~ainst maximum fibre stress in the specimen. As 
several fatigue machines were to be used for testing this 
calibration procedure was performed on each machine to produce 
its corresponding calibration curve. 
Fatigue Testing 
Upon calibrating the fatigue machines,the as ground specimens 
supplied from the manufacturers were tested in the Wohler machines 
to determine their fatigue lives at various stresses. This was 
performed so as to produce a stress range for the whole of the 
fatigue testing programme. 
3.41 Method of Testing: As ground specimens of the three test 
grades were tightened in the collets of the fatigue machines and 
the loading weight was set to zero stress. The loading beam was 
then supported at its far end by the support screw and the fatigue 
machine motor switched on. The loading weight was then moved to 
a specific stress read from the calibration cu'rve for that machine 
and the beam support screw lowered so as to load the rotating 
specimen with the desired stress. The nYm~ep af the revolution/hour 
counter on the fatigue machine was noted as was the time and 
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date of the start of the test. 
Upon fatigue failure the broken specimen and collet fell 
onto a micro switch which stopped the motor and hour counter. 
From the elapsed time and knowing the speed of rotation of the 
motor (3000 rpm) the number of cycles to failure was calculated. 
Initial testing was conducted at large stresses (up to i 
1600 MM m- 2 ) to quickly determine the upper limit of the stress 
range. The stress levels were lowered to a point where the 
specimens would not fail at 108 cycles but as t3is represented 
nearly three weeks running time a fatigue limit of 107 cycles 
was decided on. 
From the re suI ts of the initial testing fatigue life versus 
stress graphs (SN curves) were drawn for each grade of cemented 
carbide. These formed the baseline for the subsequent testing 
programme. 
3.42 Fatigue Testing Programme: After the initial production 
of a stress range and SN curves for the carbide grades, the next 
stage in the .testing was to t est the reproducibility of the 
carbide specimens in the initial batches. This was performed 
by measuring the surface roughness of several specimens and 
testing several of the specimens at various stress levels on the 
SN curves. The broken specimens after testing were labelled and 
stored to have their fracture surface examined at a later date. 
As more batches of carbide specimens became available later in 
the research, this type of procedure was repeated to test the 
quality of the batches. 
This initial testing was concerned with as ground material 
as supplied from the manufacturer. However, all subsequent 
testing was done on specimens whose surfaces had been treated in 
a variety of manners. 
The treatments of the specimens tested are as follows: 
a) Diamond polishing of the specimen surface. 
b) Stress relief of as ground and polished specimens. 
c) Bead blasting of the specimen surface. 
- 32 -
d) Micro notching of as ground and polished surfaces. 
When the specimens so treated were tested,approximately 
8 - 12 specimens per condition were used. This small number of 
specimens can be justified for economic reasons as the supplied 
specimens cost £30.00 each. In testing the above conditions 
some 190 fatigue tests were performed. 
3.50 Polishing of Fatigue Specimens 
The specimens used in this research were supplied in the 
as ground condition, being ground in the transverse direction 
with a p~ofiled grinding wheel. Talysurf measurements taken in 
the longitudinal direction showed'an average roughness of 
approximately'1.ijUm. 
As one of the obj ects of this present investigation \N as 
to study the effects of surface roughness on the fatigue life 
it was decided that the specimens would be polished in the 
longitudinal direction to obtain surface roughness figures of 
less then 1.0flm. This was achieved by polishing the specimens 
with polishing compounds embedded in a circular former having a 
radius to fit the shape of the specimens., 
3.51 Polishing Machines: A special machine was designed 
and built to hold and polish the small specimens in the manner 
desired. The design required the specimen to be polished in the 
longitudinal direction and be rotated Simultaneously so that an 
even polishing of the whole of the radiused portion of the specimen 
could be accomplished. 
Due to their short end shoulders the specimens could not 
be held in a conventional chuck and rotated whilst being polished, 
as the polishing wheel (37mm radius) would interfere with the 
chuck. This problem was overcome by making the specimen holder 
shown in Fig.16. Here the specimen is held at its ends by a 
narrow 'V' shape bearing _ and rotated by a slow (1 rpm) motor. 
The specimen is driven by a rubber wheel (2Omm radius) through 
frictional contact with the centre of the specimen. By this means 
the specimen is rotated at a constant 15 rpm. 
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The longitudinal polishing was carried out using a 
rotating hardwood wheel embedded with mixed grades of diamond 
powder. The wheel was made up from four segments of hardwood 
glued together in such a way that the grain of the wood ran in 
.the radial direction so that the best surface for holding the 
diamond powder was present at its periphery. The polishing 
wheel was driven by a high speed electric motor (direct drive), 
the speed of which could be controlled via a "Variac" variable 
mains transformer. In practice it was found that a speed of 
2740 ~ 40 rpm gave the optimum polishing conditions. This 
equalled P<5 a surface speed of 656 m/min. The wheel and motor 
assembly was supported by a right angled bracket arid could thus 
be raised or lowered in an arc onto the centre of the rotating 
specimen. This general arrangement is shown in Fig.17. 
).52 Polishing Procedure: The polishing operation was carried 
out as follows:-
The specimen after having its surface finish logged was 
inserted in the holder and held between the t wo sets of bearings. 
The slow speed motor was then switched on and allowed to warm 
up, this was done to allow the motor time to obtain a constant 
speed in its oil filled gearbox. Whilst this was in progres~ 
the polishing wheel was charged with diamond powdsr by smearing 
/' .. its periphery with thin commercial oil \ three in one) and pressing 
small amounts of diamond powder into the wheel. 
The high speed motor was then switched on and the 
wheel allowed to reach the predetermined speed. The polishing 
wheel was then lowered onto the specimen and held in contact by 
a small jacking bolt underneath the high speed motor. In tpis 
position the specimen was subjected to a polishing load of 2kg 
(measured by means of a spring balance). 
Initially a mixed diamond powder (40/20f! m) was used 
and various polishing times were used to establish the optimum 
polishing conditions. After these tests it~s found that all 
carbide grades could be satisfactorily polished in 30 minutes 
using a mixed 40/20)1 m diamond powder. Tests were then conducted 
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to attempt to improve on the surface finish. This involved 
taking specimens which had been polished for 30 minutes with 
a 40/20}A m diamond grade and subjecting them to a further 
30 minutes of polishing with a wheel of identical construction 
and size charged with 6/12}lm diamond powder. This further 
polishing treatment did not produce superior surface finishes 
and the former polishing procedure was reverted to. 
3.60 Stress Relief 
Various authors have suggested that heat treating cemented 
carbides can alter these physical properties and some authors 
have noticed a beneficial effect of stress relief on the fatigue 
properties of hardmetal carbides. 
To investigate these statements it was decided to stress 
relieve ground specimens/and later polished specimens,to establish 
if any relationship existed between fatigue life and surface 
treatment for the carbide grades under examination. 
Specimens of N and TT grade were degreased in acetone and 
placed in a f1re-clayfurnace boat. A close fitting titanium lid 
was then placed over the specimens and the boat was placed in the 
hot zone of a tube type electric furnace. Spirals of titanium 
I 
metal oxygen "getters" were placed on either side of the boat 
and the tube furnace was then purged with dry Argon, see F1g.18. 
Under an atmosphere of argon (flow rate 2 litres/min) the temperature 
of the hot zone was raised to 9500 C and held at this temperature 
for 30 minutes. The power to the furnace was then switched off 
and the tube furnace allowed to cool slowly to room temperature 
under a continuous argon atmosphere. The specimens were then 
removed and examined, the argon atmosphere preventing 
discolouration and more importantly decarbur1zat10n. 
The specimens were then tested in 
the manner previously described (3.40). 
also heat treated in art identical manner 
in the fatigue machines. 
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the fatigue machines 1n 
Polished specimens were 
and subsequently tested 
The effect on stress relief on hardness of as ground 
specimens was carried out using a 50kg load. These results 
are given in Table 2. 
3.70 Bead Blasting Surface Treatment 
The literature has cited many instances of shotblasting 
having a beneficial effect on the fatigue performance of high 
strength materials including cemented carbides. When shotblasting 
·is carried out however, the use of cast iron or steel shot can 
cause surface damage producing stress raisers on the material 
surface which can produce a detrimental fatigue performance. One 
solution round this problem is the use of spherical glass beads, 
. which produce an increase in the fatigue performance in metals 
due to induced compressive stress,but because of their geometry 
and size do not scratch or damage the metal surface. 
Specimens of both N and TT grades were heat treated in 
argon at 9500 C and this polished for 30 minutes using a mixed 
40/20.~ m diamond polish. Half of these specimens were then bead 
blasted in a Guyson Blasting.cabinet for 5 minutes using an air 
pressure of 80 psi with glass beads with a size range of 
0.15 - 0.25mm. The surface roughness of both the treated and 
untreated specimens was then recorded. After which the specimens 
were tested in fatigue in the Wohler machines. 
3.80 Diamond Notching of Cemented Carbides 
Previous fatigue studies have shown that fatigue initiation 
occurs at or near to the surface of the specimens at the point 
subjected to the maximum tensile and compres,sive stresses. On 
preliminarily examination of broken specimens difficulty has been 
experienced in deciding the exact origin of fatigue failures due 
to several crack initiatom being present at the fracture origin. 
In view of this it was decided to place a likely fracture origin 
in the specimen surface to determine if there is a size factor 
associated with this fracture source which will precipitate premature 
failure. 
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The failure initiating source to be used was a Vee notch 
pla~ circumferentially round the centre of the specimen. The 
shape and sharpness of the notch was governed by the notch 
producer. In this case the notching tool is a natural diamond. 
Diamond was chosen because of its extreme hardness and 
its ability to be cut and ground to an accurate shape. The tool 
used is shown in Fig.19 and has an included angle of 1200 • This 
angle is unusually large for a notching operation as a smaller 
angle would intersect the natural cleavage planes at an acute 
angle. and lead to chipping or early failure. For the same reasons 
the cleavage and rake angles were kept as small as possible SO 
as to produce a large cutting angle with maximum rigidity. The 
tool used was produced by the Henderson Diamond Tool Company in 
Coventry using a natural stone supplied by De Beers Limited. 
The tool manufacturers recommended a cutting speed for 
cemented carbides of II0Om/min. Due to the small cross section 
size this requires a spindle speed of 18,000 rpm. As this speed 
could not be attained on conventional lathes it was decided to 
rotate the specimens in an air drive~ grinding spindle capable of 
giving speeds up to 60,000 rpm. The spindle shown in Fig.20a 
manufactured by Westwiod Turbines Limited has an integral collet 
arrangement to hold the specimens and is controllable from 
10 - 60,000 rpm using an air pressure regulation, Fig.20b. 
In view of the f act that the depth of the notch to be cut 
was to be very small, i.e. down to 5~ m, and that the rate of 
feed very slow, special consideration had to be given to the 
design of the tool feed mechanism. The solution adopted was to 
mount the spindle on the table of a servo-hydraulic materials 
testing machine and the tool mounted to the hydraulically driven 
ram, Fig.21a, 21b. To cut the notch, the spindle with the 
specimen was first set to rotate at the desired speed and the 
ram with the diamond tool was then lowered under electronic 
servo control. The very fine controls present in the machine 
enables ram movements of less than 1}J. m to be achieved. 
Furthermore, the high rigidity of the ram when under servo control 
made it ideal for machining with .diamond tools as such tools will 
not tolerate "chatter" due to lack of rigidity. 
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• 
The notching procedure was as follows: 
The specimen was placed in the chuck of the air spindle 
and the air bearing turned on. Air was then supplied to the 
turbine and the spindle was run up to speed. The diamond tool 
was then inched down slowly until the diamond was almost 
touching the specimen. To facilitate observing this, a telescope 
was arranged to view the tool tip in relation to the specimen 
surface. 
The testing machine was then calibrated so as to move the 
tool 25;Um in 40 secs. The machine was then operated until the 
notch could be observed on the surface of the specimen. The 
position of the ram at which notching occured was then noted. 
Once notched the specimens were removed from the spindle and the 
notch depth measured by producing a paper trace on a Talysurf 10 
surface measuring machine. The depth of the notch could then be 
easily calculated knowing the relevant horizontal and vertical 
magnifications. Notching in this manner produced notch depths 
in the range 5 - 50)Am. (See Figs. 13(d) and 13(e) 
All grades of carbide under examination were notched in 
the described procedure •. Initially only polished specimens were 
notched. However, later in order to simulate industrial 
conditions more closely some samples of as ground specimens were 
also notched. 
In order to determine the effectiveness of the notching 
operation, several specimens were examined in the Scanning Electron 
Microscope prior to fatigue testing. These examinations showed 
the V-notches to be sharp and clean with little or no carbide 
grains pulled out from' the sides of the notch. Slight machining 
marks ~re Visible, but the sides of the notch~re essentially 
smooth, showing that the maching.operation was chatter free. 
Fig.22 shows a typical machined notch. 
3.90 Fracture Surface Examination 
In order to understand the mechanism and type of failure 
of the fatigue specimens it was necessary to examine the broken 
fracture surfaces of the specimens. Initial examinations were 
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carried out on a reflected light stereo-microscope, however, 
due to the small depth of field and low magnifying power this 
type of microscope was not able to show the source of fatigue 
failure or its mode of propagation, see Fig.23(L. 
3.91 Scanning Electron Microscopy: The Scanning Electron 
Microscope (S.E.M.) with its large depth of field was then 
considered. Early investigations using the S.E.M. showed 
some specimens to be magnetic causing deflection of the electron 
beam due to the proximity of the specimen to the field coils. 
This was remedied by demagnetising specimens by placing them 
in a mains coil, switching the power on and then slowly 
withdrawing the specimens from the coil. In practice it was 
found that the TT grade specimens caused most of the magnetic 
problems due to the large (25%) cobalt content. 
In performing the S.B.M. investigations two machines were 
employed. The first, a Cambridge S2, was used for initial 
examinations only as it was particularly susceptible to magnetic 
specimens. The second machine employed was a Cam Scan 
with an X-ray analysis and editing facility. The majority of 
S.E.M. photographs in this thesis were taken on this machine. 
Using the S.E~. on broken specimens at magnifications 
up to 10,OOOx the source of fatigue failure and in some cases the 
mode of crack propagation was evident. T~e X-ray analysis 
facility was particularly useful in determining the analysis 
of specimen material a:t the failure site. The mode of fatigue 
failure was harder to establish as frequently the mode of failure 
changed from that surrounding the failure source to that of the 
bulk material. 
3.92 Transmi~sion Electron Microscopy: In order to examine 
the mode of failure and crack propagation in more detail it was 
proposed that the Transmission Electron Microscope (T.E.M.) be 
used. This type of microscope has ·a very high level of resolution 
and an even higher level of magnification (>50k). However, due 
to the nature of the specimen material the more normal thin foil 
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specimens could not be used. This problem was overcome by 
using a two stage replica technique. In this technique 
acetate film was softened by acetone and then placed on the 
clean fracture surface. After the acetone had evaporated the 
acetate film was stripped from the fracture surface and placed 
on a 3mm diameter copper grid. Severalsrids holding pieces of 
film were then placed in a carbon evaporation unit where a 
layer of carbon was evaporated onto the acetate film. The 
grids were then removed and washed in clean acetone to remove 
the bulk of the acetate film and leave a thin layer of carbon 
on the copper grid. To ensure total removal of all the acetate, 
the grids were washed in acetone vapour in an acetone refluxing 
apparatus, Fig.23(b~This washing was carried out for 8 hours 
after Which the grids were removed and placed in the T.E.M. to 
check whether any acetate film remained. Once clean the grids 
were removed from the acetone vapour and shadowed at an angle 
of 450 with a gold/palladium alloy in the evaporation chamber. 
This was performed to enhance contrast on the finished replicas. 
The replicas were then examined in a Jeol 120cx transmifSion 
electron microscope. Typical replicas are shown in Fig.24. 
As a means of correlating the fatigue results with failed 
carbide components, replicas were taken from the' cleaned fracture 
surface of one such component at a point where the origin' of 
fracture was thought to occur. As the fracture surface was 
compa~tively old (2 years), acetate film softened, placed on the 
fracture surface,then stripped was used as a cleaning technique 
prior to attempting to ~ke a representative replica. 
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4.00 PRESENTATION OF RESULTS 
4.00 P~ysical Properties of Carbide Grades 
The physical properties of the cemented carbide grades 
used in this research are shown in Table 1. 
The grain size measurements are averages and do not take 
into account the larger grains that can occur in these carbide 
grades due to either insufficient ball milling or grain growth 
during sintering. Typical large grains can be seen in Fig. 25, 
the optical micrographs of the carbide grades. Such microstructures 
lead to a range of specimen hardness due to the localised very 
hard carbide phase in the softer cobalt phase. 
The fracture toughness figures given at first may seem a 
little misleading especially as B grade material has a higher 
KIc value than the similar cobalt content N grade. This apparent 
anomaly is due to the larger carbide grains in the B grade. material 
acting to raise the fracture toughness value. 
4.10 Hardness Testing 
As part of the investigation into the effect of stress 
relief on carbide grades,hardness testing was performed on specimens 
to determine the effect of stress relief on hardness. Table 2 
shows this effect on the bulk hardness of the carbide grades, all 
three carbide grades showing a decrease in hardness after stress 
relief in argon at 950oC. This drop in hardness was further 
examined by microhardness measurement taken across the end of treated 
fatigue specimens. The results are shown in Table 3 and Fig. 26. 
From these results it is apparent that stress relief has a dramatic 
effect on the hardness of the surface layers of the carbide 
specimen. The centre of the specimen however has a hardness which 
does not alter with the test conditions. Mechanical polishing has 
the effect of raising the surface layer hardness,but to a smaller 
extent,compa:ed with mechanical grinding as found in the as ground 
specimens. 
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4.20 Surface Finish Data 
Surface finish measurements of specimens prior to fatigue 
testing are shown in tabular form in appendix lLaowever, Table 4 
is a condensed form showing typical surface finish values for the 
specimen grades and test conditions. 
4.21 Batch Variation: Variation in the batches of as ground 
specimens can be seen in Table 4. These variations may be due 
to a number of reasons all connected with the form grinding of 
the specimens from the original carbide rod stock. 
4.22 Polished Specimens: The polished specimens all produced 
very similar surface finishes. Although the Ra value in the case 
of B grade is smaller, the peak values (Rm) are all ess'entially 
similar. These values were repeated when polished stress relieved 
material was measured. 
4.23 Stress Relieved Specimens: No appreciable difference 
was noted in the surface finish when compared with that of either 
as ground or polished specimens. After heat treatment the carbide 
specimens were clean and free from any oxidation which may have 
altered the surface finish. 
4.24 Bead Blasting: When polished N grade specimens were 
bead blasted no measurable change in the surface finish was 
noticed. However, when polished TT grade specimens were treated 
a noticeable difference in surface finish was observed. This is 
due to the stress relieving producing a greater decrease in 
hardness with TT grade specimens compared with N grade specimens. 
The softer TT grade is then more susceptible to changes 10 surface 
topographJ during bead blasting. 
B grade specimens were not tested in this condition. 
4.30 Fatigue Data 
4.31 Batch Variation (as ground material): In order to show 
the variation between batches of as received specimens, the SN 
curves of the respective batches have been included on the same 
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axis of Figs. 27, 28 and 29. The scatter in the results is 
very large in the N grade material compared with B grade material 
having a similar cobalt content but a coarser grain size. 
4.32 Batch Variation (polished soecimens): As a means of 
testing the reproducibility of polished specimens, the results 
from polished batches are again produced on the same axis in 
Figs. 30, 31 and 32. 
4.33 Effects of Surface Treatments: Due to the large 
scatter in the results a rather unorthodox means of showing 
changes in the fatigue behaviour due to surface treatments was 
devised. This involved. producing a SN curve for the particular 
treatment and then from this curve calculating the change in 
fatigue life (dN) for a reduction in the testing stress from 
1200 MNm-a to 1000 MNma • This reduction range was chosen as 
it covered the majority of test stresses used in the fatigue 
testing programme. 
Once calculated, the dN result was plotted against the 
respective specimen grade and in this way differences between 
treated and as received specimens could be demonstrated. Fig. 33 
shows the effect of polishing on as ground specimens. The scatter 
with N grade material making it very difficult to distinguish a 
difference in the fatigue behaviour however, for the TT and B 
grades polishing has a beneficial effect in increasing fatigue 
life. 
The effect of stress relief on ground specimens is shown 
in Fig. 34. A beneficial effect being noticed for the two 6% 
cobalt grades (B and N) however, the 25% cobalt grade was subject 
to a decrease in fatigue performance. Stress relief of polished 
specimens is shown in Fig. 35. In both specimen grades tested, 
stress relief followed by a poli~hing treatment has a beneficial 
effect. compared with stress relief of as ground specimens. 
When stress relieved/polished specimens were then subjected 
to bead blasting,conflicting results were produced as shown in 
Fig. 36. The 6% cobalt grade (N) was shown to suffer a decrease 
in fatigue life. whereas the bead blasting was seen to have a 
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beneficial effect on the fatigue behaviour of the 25% cobalt 
TT grade. 
Notched Fatigue Data 
Specimens of all three carbide grades were notched using 
the described technique and the specimens were then tested in . 
the Wohler fatigue machines. 
The size of notches produced and the surface condition is 
given in Tables 5, 6 and 7. The strsss levels used when testing 
the specimens were chosen so that diTect comparisons could be 
drawn between unnotched and notched specimens. However, it was 
appreciated that the actual notch siz,e would be important. For 
this reason several specimens (as ground) were tested at the 
same stress level after their differing notch sizes had been 
measured. 
As a means of reporting the effectiveness of the notches 
in the specimens, over different testing stresses, the ~N term 
was evolved. Where 4N = Notch size 
Critical notch size 
This term incorporates'the critical notch size for a grade at 
the testing'stress by means of a derivation of equation (1) 
i.e. c = (K1c ) 
2 
cs"~1T' 
where K1c = fracture toughness 
er test stress 
c critical crack size to cause instant failure 
4.41, B Grade: The values of A N for as ground and polished 
specimens are given in Tables 8 and 9. The results when plotted 
against life are given in Fig. 37. From this figure the as ground 
grade appears to be less sensitive to the size of notch placed in 
it. 
4.42 N Grade: The values of 6 N for as ground and polished 
N grade specimens are shown in Tables 10 and 11. The results 
plotted against specimen life are shown together in Fig. )8. 
Again the as ground specimens appear to be less sensitive to 
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notch size than the polished specimens. The graph also indicates 
that with N grade this material is able to tolerate notches 
greater than the calculated critical defect size. 
As a means of indicating the reduction in fatigue life,due 
~~fC. 
to the presence of a notch,the fatigue strength reduction ratio 
~ was calculated for notched N grade specimens tested at 
1000 MNm-l • The kf values shown in Table 12 were calculated 
from a typical specimen life value of as ground material tested 
at 1000 MNm-~ of 1.5 E7 cycles. 
The ~ values when plotted against notch size are shown 
in Fig. 39. 
4.43 TT Grade: The calculated A N values for as ground 
and polished 
and 14. The 
TT grade notched specimens are shown in Tables 13 
A N values then plotted against the notch sizes are 
shown in Fig. 40. No trends can be observed in these grades due 
to insufficient results. 
Microscopic Examinations 
4.51 Scanning Electron Microscopl of Fracture Surface: 
a) Ground Specimens: Typical fracture sources on the 
fracture surfaces are shown in Figs. 41b, 41~ and 413. They are 
respectively a hair burnt ·o.ut .on sintering, a single large grain 
produced from several grains by a process of grain growth on 
sintering and a cobalt lake producing a soft zone in the carbide 
cobalt matrix. 
It should be noted that all fracture sources were found to 
be internal but near to the surface of the fatigue specimen. 
b) Polished Specimens: Typical internal failure sources 
were observed and interpreted as large grains, open pores and 
cobalt lakes. However, surface fracture sources were observed 
and are shown as surface cracks in Fig. 42. Figs. 43 and 44 are 
of a failure source which consisted of a large grain at the 
polished surface. This grain however, was lost in the fracture 
process. 
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c) Notched Specimens: Fracture surfaces of notched 
specimens were examined and particular attention was paid to 
the area directly next to the notch tip. Fig. 45a shows a N 
grade notched fracture surface, the notch having a clean flat 
surface. A banded structure was noted at the notch tip and 
Fig. 45b shows this structure at higher magnification. Fig. 45c 
shows the topography of the fracture surface inboard of the 
banded structure for comparison. Similarly the notch fracture 
surface of a TT grade specimen is shown in Fig. 46a. Fig. 46b 
is taken at the area of failure next to the notch tip whereas 
Fig. 46c represents the fracture surface inboard from the 
banded structure. 
4.52 TransmisSion Electron Microscopy of Fracture Surface: 
Two stage carbon repiicas were taken from the fracture surfaces 
of the three specimen grades. Figs. 47, 48 and 49 show typical (~F;~. 
~) fracture surface of B, N and TT grades respectively. From the 
figures it is apparent that an amount of ductility and plastic 
deformation is present in all specimen grades. 
This ductility is further shown in Fig. 50 as dimples and 
in Fig. 51 as fatigue striations running across several carbide 
grains. Further evidence of the existance of fatigue striations 
is shown in the examples of replicas in Fig. 24. Here the 
striations are tranversing a large carbide grain and in dOing so 
are producing plastic deformation in the cobalt layer surrounding 
the carbide grain. 
When replicas were taken f~om actual failed components 
the results are shown in Figs. 52 and 53, the actual component 
being shown in Fig. 54. 
Fig. 53 shows that fatigue striations are present in the 
failed component which are essentially the same as those obtained 
by replicating fatigue specimen fracture surfaces. 
Notched Fracture Surfaces: Using the replica technique 
an attempt was made to follow the fracture path across from the 
notch surface to the bulk fracture surface. This was attempted 
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on all three specimen grades and the results are as follows: 
B grade Fig. 55a, b, c, N grade Fig. 56a, b, c and TT grade 
Fig. 57a, b, c. 
The results indicate a change in mode of crack propagation 
from the notch area to the bulk fracture surface. 
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5.00 DISCUSSION OF RESULTS 
5.10 The Structure of the Specimen Grades used in this Research 
In the literature, it is customary to described the 
structure of sintered WC-Co alloys in terms of the tungsten 
carbide phase, which is often joined to form a skeleton embedded 
in a cobalt matrix. This matrix has at an intermediate state 
been liquiQdfied as an eutectic W-C-Co alloy. However, this is 
a simplified view"and the actual constituent phases present in 
the microstructure at room temperature depend on the cobalt 
content, the sintering temperature and the sintering time. 
Taking these factors into consideration, it is more correct 
to consider sintered WC-Co alloys as consisting of a more or less 
developed, but not necessarily continuous skeleton ofo(. or o(.~ 
phase solid solution (which may contain small amounts of cobalt), 
which are enveloped by a three dimensional "solder" seam of 'If 
phase solid solution (with small amounts of WC dissolved in Co), 
in a state of high tensile stress. 
The metallurgical and chemical processes taking place 
during the final sintering process are irreversible. Structural 
changes are possible in the directions D("" e(., - <><.. and there are 
no changes in the opposite direction. 
Intensive grain growth of the 0(., WC solid solution crystals 
occur in the high temperature sintering range 
13500 - 16000 C. On recrystallisation, this phase can transform 
to cl.1.' Long times of sintering can produce the growth of ol.. a. 
crystals as large as 50)kM ; however, this is undesirable 
commercially since the large grains can reduce the hardness of 
the finished cemented carbide. 
The specimen grades used in this research (see Table 1) 
were labelled B, N,and TT grades which consisted of 6% cobalt 
coarse grain, 6% cobalt medium grain and 25% cobalt medium grain 
respectively. Examination of Fig.25 shows the typical microstructure 
of these three grades. 
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B grade 
This was an experimental non-commerical grade, where the 
WC grain size (see Table 1) was made artificially large (see 
Fig.25) by selective ball milling of the carbide powder prior to 
sintering. The microstructure shows a mixture of~, and o{1 
WC grains infiltrated by a ~ cobalt solid solution. The "':L 
crystallites are present due to recrystallisation on cooling, 
and evidence ",as seen of large 0<.2. grains due to grain growth 
during sintering. In the manufacture of this grade no attempt 
was made to increase the grain size by oversintering. 
N grade 
The microstructure (see Fig.25) present at room temperature 
is very similar to that of B grade. There is an overall smaller 
grain size (see Table 1) of 0(, plus recrystallised c:o<.,. grains, 
in a Y cobalt matrix. There is evidence of large .,l.... grains 
in the microstructure due to localised grain growth during 
sintering. 
TT grade 
This specimen grade contains 25% cobalt and has an essentially 
different microstructure (see Fig.25) compared with the other two 
grades above. The WC grains occur in the form of 0(, and 0<2. 
crystalli tes which are surrounded by a continuous Y cobalt phase. 
Due to the larger cobalt volume this specimen grade is softer than 
the other 6% cobalt grades, and exhibits a greater degree of 
toughness (see Table 1). 
Grain growth of 0/..1. WC grains can be seen in the microstructure, 
,leading to large "'1 WC grains, and larg'e cobalt lakes are 
noticed in the immediate areas. These "soft" areas of ~ cobalt 
solid solution, whilst contributing to the overall increased 
toughness, are available as potential failure sites. 
In the three grades of cemented carbide used in this research, 
no evidence was found of the effects of carbon imbalance, its 
graphi te formation d"e to an excess of carborn or eta , 
formation due to a localised carbon deficiency. 
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phase 
The effect of carbon imbalance in cemented carbides is 
demonstrated in Fig.4(b). In this instance a 16% cobalt alloy 
must have a 0( phase (WC) with a carbon content of 6~ -
6.Q%C if it is to avoid graphite or etatj) formation. The 
fact that the alloys used in this research had no observed 
carbon imbalance is attributed to good ballmilling and sintering 
control in the production route of these alloys. 
Figs.4(a), 5(a) and 5(b) illustrate the room temperature 
compositions of the test alloys on the respective binary and 
ternary phase diagrams. On cooling from the sintering temperature, 
approximately 14000~ all the test alloys preCipitate 0( WC from 
o the WC + liqUid phase field until at 1320 C the remaining liquid 
undergoes a eutectic transformation to form WC + Y solid 
solution, the extent of the i solid solution depending upon 
the cobalt content of the alloy. When the alloy compositions 
are plotted on the W-Co-C ternary phase diagram (Pigs.5(a) and (b» 
the stability of the test allo~can be appreciated. 
5.20 Properties of Cemented Carbide Grades used in this Research 
As previously stated the carbide grades used in this work 
consist of an experimental grade (B) and two commercial grades 
(N) and (TT). Basic physical properties of these grades are 
given in Table 1. The cobalt content of the grades coupled with 
its grain size are the determining factors which affect the other 
properties. The grain size of B grade, the experimental grade, 
was made abnormally high to compare it to the fatigue performance 
of the smaller grain size of N grade. This is a profitable 
exercise since the grain size stated commercially is a nominal 
grain size and larger grains are not uncommon. The similar 
densities of B and N are to be expected due to the same cobalt 
volume (Pig. 5( d». However, the distribution of the cobal"t has 
an effect on the hardness, the increase in grain size leading to 
a drop in hardness from approximately 1730 to 1440. This drop 
in hardness is the result of the B grade having larger 
areas of cobalt surrounding the carbide grains. On cooling from 
the sintering temperature these areas of cobalt are softer than 
those smaller areas found in N grade, due to the different 
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coefficients of expansion of the two component phases. The 
effect of cobalt areas on hardness is further illustrated by 
noting the vastly reduced hardness of the 25% cobalt TT grade 
(Fig.5(e)), This lower hardness does however, allow the grade 
to enjoy a superior fracture toughness value compared to the 
other two grades. Use is made of this high value when exploiting 
this grade commercially. In situations requiring toughness 
without extreme hardness TT grade may be used, i.e. rock drills 
and cold heading dies. N grade on the other hand may use its 
extreme hardness in situations of requiring wear resistance, 
i.e. finishing rolls and wire drawing dies. This relationship 
between toughness and cobalt content is shown graphically in 
Fig.5(f). 
5.30 Fatigue Testing - The type of machine used to perform 
fatigue testing is in itself a variable parameter which may 
influence the fatigue results obtained. Two types of fatigue 
machine were considered before fatigue testing commenced. The 
machines, the Avery and the W"6hler, both place alte.rnating 
bending stresses on the test specimen and are both capable of 
continuous operation. The final choice of machine, the W"6hler 
type, was based partially o·n economic restraints and partially as 
previous fatigue testing of cemented carbides had been performed 
using rotating bending type machines. By utilising this type 
of machine the specimen cost was still high and would have 
increased some five fold if specimens had been supplied to use 
in the Avery type machine. It was also felt that by uSing the 
rotating bending fatigue test the effect of modifying a curved 
surface could be easily obtained and more importantly reproduced. 
Examination of all the results determined in this study 
indicates that the method of fatigue testing chosen ~ was 
essentially correct. It .was found that the reproducibility of 
tests was more dependent on structural parameters within the 
specimens rather than the type of fatigue test. The testing 
stresses were believed to be correct as the stress-log cycle 
graphs allowed both short and typical long fatigue lives (108 cycles) 
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to be encompassed within the stress ranges used. The accuracy 
of the stress measured, by the strain gauges, was estimated to 
be subject to an error of ± 4%. When this was plotted against 
log cycles, it was found to be accommodated within the scatter 
of the results. 
i 
In all the specimens tested, failure occured at or near 
• 
the centre of the specimen, where the surface stresses were at 
a maximum value. It had been anticipated that slight fretting 
r 
of the specimens in the collets may have occured. However, no 
• 
evidence of fretting was observed; neither was there any fretting 
between the two broken halves of the test specimen. This would 
suggest rapid failure at the end of each test with a fast crack 
path involving a very short crack growth time. The fatigue life 
of the specimen can then be equated to the micro-crack initiation 
time for long life specimens, and macro-crack growth time for specimens 
with short fatigue life which may already contain existing 
micro-cracks. 
r When notched specimens were tested, failure always occuled 
at the notch tip, even when very small notches were introduced. 
This confirms the extremely notch sensitive nature of cemented 
carbides and illustrates the difficulties encountered when using 
cemented carbide tooling supplied with a high degree of surface 
finish. 
The simple polishing machine designed for this research, 
showed that despite its simplicity, it was capable of producing 
a measurable change in surface finish with a good degree of 
reproducibility. The limiting factor was the wear in the polishing 
wheel which altered its effective polishing diameter. The use 
of a two stage polishing technique, employing a medium then fine 
diamond powder, did ~ improve the final degree of surface 
finish; this was, therefore; rejected since it required twice 
the polishing time to produce the same results as the single 
stage polishing method. 
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5.40 General Fatigue Results 
5.41 Scatter of Results - The scatter associated with the fatigue 
testing of the three grades of material, as shown in Figs.27, 28 
and 29, is typical of that of a semi-brittle material. The 
nature of cemented carbides is such that unless strict control 
is enforced on the size of powders used for sintering and on 
the sintering operation, grain growth will occur which produces 
unusually large grains within the materials. These grains, 
together with large areas of cobalt in specimens, act as stress 
raisers in the microstructure which can produce premature failure 
of the specimens when compared with apparently identical specimens 
tested with the same surface condition and stress level. 
The presence of eta (~) phase in the microstructure can 
also cause early failure, however, no eta phase areas were 
observed in the microstructures of any of the examined specimens. 
Scatter in the results between batches of the same grade 
material (see Figs.28 and 29) can be accounted for by the 
t 
occur,nce and presence of internal stress raisers. However, 
noticable differences in their surface finishes were observed, 
see Table 4, which it is assumed produced external defects capable 
of initiating early fatigue failure in the specimens. The size 
of these external defects as measured by the Talysurf method, 
varied depending upon the finishing process. 
5.42 Surface Condition - For specimens in their "as received 
condition", the surface roughness (Table 4) must be affected by 
the grinding process used, the grade of material and state of 
the grinding wheel, and presumably the skill of the grinder. The 
method of metal removal also has an effect on the surface finish 
as "adhesive wear" can remove carbide grains from the surface, 
these carbide grains are then free to "plough" into the softer 
cobalt areas of the surface of the rest of the material. This 
has the effect of possible redistribution of some of the carbide 
grains. Excessive pressure, and perhaps inadequate cooling, 
whilst grinding can cause the carbide surface to be subjected to 
large thermal gradients, the effect of which is to cause thermal 
cracks at the free surface. It can be argued that whilst these 
cracks are very small compared with the surface profile, their 
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presence can only act to make for fatigue crack propagation 
easier. 
5.43 Surface Stresses - The production of compressive residual 
stresses on specimen surfaces due to grinding has been documented 
by several authors, Ref.50, 51, 52. The depth and effectiveness 
of this compressive stress is dependent on the amount of 
work-hardening produced by the FCC ~ CPH transformation in the 
cobalt phase when the surface is ground (see Table 2). Such 
variations in the amount of work-hardening by varying amounts 
of grinding would contribute to the amount of scatter between 
specimens of similar grade. 
The depth of residual compressive stress regions appears 
to extend several grain diameters below the surface (see Table 3) 
and may be removed by annealing the specimens or by mechanically 
polishing the specimens to remove this work-hardened layer. 
The scatter in polished results can, therefore, come from two 
sources:- (i) the nature of the surface finish and 
(ii) the stress state of the surface. 
The nature of the surface finish produced by polishing is 
shown in Table 4. Diamond polishing using the technique described 
in Section 3.50, was found to produce Ra values (Table 4) between 
0.05 and 0.10}A~ , which could only be improved on slightly 
if a finer grade of diamond powder was employed for a far longer 
period of further polishing. 
Whilst the polishing undoubtedly levelled the surface by 
removing the large notches in the surface, the number of thermal 
cracks remaining in the surface is an unknown variable. Their 
presence was ultimately confirmed by scanning electron microscopy 
and it is possible that some fatigue failures must have used these 
micro-cracks as failure sources. The extent to which the 
polishing process removed the compressive stress layer in the 
surfaces of these materials is shown by the fall in values of the 
microhardness results for the TT grade material recorded in 
Table 3. 
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5.44 Effect of Polishing of Specimen Surfaces - The effe~t of 
polishing the ground surface of a test specimen prior to fatigue 
testing is seen by examining Figs.27 - 33. 
A slight "increase in life of the B grade material after 
polishing can be noticed when comparing Figs.27 and 30. This 
can be explained by the reduction in surface stress raisers, due 
to the better surface finish produced by polishing. As this 
specimen grade contained only 6% cobalt, the production of 
residual compressive stresses during grinding was not great. 
Therefore, their contribution towards retarding fatigue crack 
growth may be considered as small, when compared with the reduction 
in surface roughness. This decrease in surface roughness, and 
its associated lowering of stress raisers, is offset by the 
large grain size of this particular grade (see Table 4 and Fig.25), 
which if grain growth occurs will cause large stress raisers 
internally. 
N grade material when polished shows little or no increase 
in fatigue life, compare Figs.28 and 31. The surface finish 
of N grade material (Table 4) becomes very similar to that of the 
B grade material, when subjec~to diamond polishing; however, 
with its smaller grain size (Table 1) a slight increase in fatigue 
life would be expected. This difference between similar cobalt 
content grades is not quite clear. A possible reason may involve 
the distribution of the cobalt in the two grades~ In N grade 
material, the cobalt is thinly spread to surround the carbide 
grains, whereas in B grade material the larger grain size produces 
a thicker layer of cobalt surrounding the larger grains. This can 
be seen in the respective micrographs in Fig.25. This thicker 
layer of cobalt is then more avai~ for work-hardening which 
will produce a greater compressive stress around the carbide 
grains. With polishing, some of this compressive stress is removed. 
The remainder of this stress, coupled with a superior surface 
finish, produces a beneficial effect on the fatigue life. With 
N grade material the compressive stress generated by grinding may 
be totally removed by polishing and internal defects may more than 
offset this superior surface finiSh. The final result will, therefore, 
give no measureable increase in fatigue life. 
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TT grade material on the other hand, shows a marked increase 
in fatigue life when subjected to polishing, compare Figs.29 and 
)2. This is due to the reduction in stress raisers by polishing 
the surface, and possibly more important the existance of compressive 
residual stresses capable of retarding crack propagation. The 
size and depth of these compressive stresses is larger than in 
the other two grades. This is shown by the hardness measurements 
given in Table ), to extend 0.2 - 0.4 mm below the specimen 
surface. Polishing ground specimens only then partially removes 
this stress producing an increase in fatigue life. 
The results for all three materials are summarised in Fig.)). 
5.45 Stress Relieving of SpeCimens - Heat treatment of fatigue 
specimens at 9500 C in dry argon was found to alter their fatigue 
performance considerably. Fig.)4 indicates that for B grade 
specimens, stress relief of the as ground specimens improved 
their fatigue performance. This effect may be misleading, because 
only a small number of specimens were tested in both conditions. 
This increase in performance may be more a function of the 
scatter associated with this type of material. N grade material 
when tested in the as ground condition was seen to perform 
noticably better when subject to sress relief. A possible 
explanation for this is that when N grade is ground the large 
r 
volume ~action of carbide phase at the surface is placed in a 
state of high tensile stress in relation to the small amount of 
cobalt present which is placed in compressive stress. Due to 
this situation, fatigue cracks when initiated propagate rapidly 
in a transgranular manner causing a low fatigue life. 
When N grade specimens are then stress relieved, this tensile 
stress in the carbide phase is reduced to a suffiCiently lower 
level whereby the stress in the surrounding cobalt layers can 
actively blunt fatigue cracks and delay their propagation. The 
net effect is an increase in fatigue performance. 
TT grade specimens are affected in the reverse manner, 
i.e. the decrease in fatigue performance is due to the removal 
of the compressive stress in the cobalt phase which was generated 
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when this phase undergoes work-hardening during grinding (see 
Table 2). The removal of this compressive stress enables fatigue 
cracks to propagate in an intergranular manner through the 
carbide/cobalt grain boundaries. 
When specimens of both N and TT grade cemented carbide 
were stress relieved then polished, Pig.35 summarises the 
results which show an increase in the fatigue life for both 
grades. This is thought to be due to modifications in the 
surface finish rather than to the internal stresses. In both 
grades polishing produced a surface where surface roughness 
values (Ra) was substantially better than that of the as ground 
condition, see Table 4. This produced a situation where no 
defects were available at the surface to act as fatigue crack 
sources producing an early failure. Small micro-cracks present 
in the surface must then grow in a cyclic manner until they 
were sufficiently large to produce an unstable crack leading 
to fracture. The effects of the different fracture toughness 
values (Table 1) can be seen in Fig.35 where the large increase 
in life in N grade is due to the removal of surface defects by 
polishing that which would have caused early failure. A similar 
set of results is seen for the TT grade material. 
5.46 Bead Blasting of Specimen Surfaces - The abrasive blasting 
of metal surface is a well documented and established technique 
for increasing the fatigue performance of highly stressed 
components, Ref.46. The abrasive particles carried in air or 
a liquid carrier impart a compressive stress into the metal 
surface which increases the fatigue performance of the component 
by delaying the onset of crack propagation. 
In this research spherical glass beads were chosen rather 
than sharp abrasives, i.e. chilled steel shot, as the technique 
of bead blasting .does not remove surface material. It was felt 
that the use of,for example, steel shot would have imparted more 
compressive stress into the surface, by virtue of its greater 
kinetic energy, however, the possibility of the removal of 
surface grains ruled it out. Using glass beads it is possible 
to alter the stress state of the components even if the surface 
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is polished. For this reason bead blasting was favoured in 
this research. polished specimens of stress relieved N and TT 
grades were subjected to bead blasting, the subsequent alteration 
in their fatigue behaviour is demonstrated in Fig.36. 
In both cases the surface finish values (Ra, RTM and Rm) 
altered slightly (see Table 4) more noticably with TT grade 
specimens. This alteration in the fatigue life with surface 
finish is attributed to the relative amount of cobalt (Table 1) 
in the two grades, and the ease to which this cobalt may be 
deformed. In the as ground state the cobalt phase is in a 
state of compressive stress, due both to the differing coefficient 
of expansion on cooling from the sintering temperature and the 
amount of work-hardening induced in the cobalt by the grinding 
process. The carbide phase is in a state of tensile stress due 
to the surrounding compressive stress in the cobalt. As previously 
stated, annealing removes work-hardening from the cobalt phase, 
which is shown in Table 2 by a reduction in hardness after 
annealing. Subsequent diamond polishing acts as a levelling 
agent on the surface and does not appear to alter the stress 
state of CObalt/carbide phases unduly. 
When this polished and softened surface is then subjected 
to bead blasting, the cobalt phase is work-hardened again which 
raises its compressive stress and slightly altering its surface 
finish (Table 4). This increase in compressive stress then 
delays the propagation of fatigue cracks and in the TT grade 
specimens this raises the fatigue life. However, this logic 
does not account for the behaviour of N grade material, whose 
performance is decreased slightly by bead blasting. Certainly 
the nature of the polished surface is altered by bead blasting 
as shown in Table 4 by the surface finish results. This 
alteration in surface topography may be more significant with 
N grade material as small cracks formed in the surface would act 
as crack sources causing premature failure. Also due to the 
lower amount of cobalt present in this grade, bead blasting 
would not have the same work-hardening effect on the cobalt so 
preventing the onset and growth of fatigue cracks. The larger 
- 58 -
carbide volume and hence carbide surface area in this grade 
would also increase the probability of grains being broken 
or removed during bead blasting. This would lead to a decrease 
in performance by acting as fatigue crack sources, and also 
in view of the larger carbide volume, allow the cracks to spread 
in a rapid transgranular manner. 
5.50 Fracture Surface Examination - Scanning Electron 
Microscopy - Initial examination of the specimen fracture 
surfaces was carried out on a binocular stereo-microscope. 
However, the large depth of field on the specimen made focusing 
difficult and photography nearly impossible. This was rectified 
by using the Scanning Electron Microscope (S.E.M.) on 
de-magnetised specimens. Fig.23 shows a low magnification shot 
of a typical fracture surface. This type of fracture is very 
similar to that of most bri ttle/semi-bri ttle materials and is 
characteristic of cemented carbides. The flat nature of the 
bulk of the specimen surface is due to the rapid passage of 
the fatigue crack normal to the maximum tensile stress. The 
formation of a "heel" is due to the small remaining cross 
sectional 'area being subjected to the maximum testing stress. 
This small cross-sectio~ is unable to support the testing stress, 
resulting in a tensile type of fracture. 
The inference that the heel was the last area to fail is 
supported by the fact that even at low magnifications the 
likely fracture source was observed at . 800 to the heel. 
At higher magnifications it became apparent that fatigue 
sources could be classed as internal or external types. 
5.51 Internal Sources exist to a large extent due to the 
manufacturing route chosen by the cemented carbide manufacturer. 
Bad "housekeeping" can result in foreign bodies being introduced 
into the powders. This can produce the failure depicted in 
Fig.41(b). In this case a piece of carbonaceous material was 
mixed with the powders and subsequently burnt out on sintering. 
The resulting void then acted as a stress raiser which produced 
a site for fatigue crac~ propagation. Similarly large single 
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pores or small interconnected pores can have the same effect. 
It must be stated that no gross porosity was observed in any 
of the carbide grades tested. 
Grain growth during sintering is a problem well known 
to cemented carbide makers. Massive grain growth as shown 
in Fig.41(c) where large grains can act as stress raisers and 
cause premature failure, because the large grain is near or 
exceeds the critical defect size for that stress level. It 
was noticable that the presence of abnormally large grains was 
observed in all the tested grades. 
Localised grain growth and grain amalgamation can lead to 
the formation of cobalt lakes. This is due to the redistribution 
of the two phases in the later stages of the sintering process. 
The formation of cobalt lakes (Fig.41(a» causes premature 
failure in fatigue specimens by acting as an area of lower hardness 
in the carbide phase matrix. However, it may be argued that if 
cobalt lakes are distributed throughout the specimen, they could 
actually raise the fatigue life by acting as blunting agents 
for the propagating fatigue cracks and delay final failure. 
5.52 External defects observed by S.E.M. examination consisted 
of various forms of surface notches. With ground specimens this 
took the form of grinding marks on the surface but it is dangerous 
to assume that the presence of grinding marks was the only 
failure source. With polished specimens cracks were seen (Fig.42) 
near the source of failure. These could be the remnants of larger 
grinding marks or connected microporosity exposed during the 
polishing operation. The latter explanation is more likely, 
because if grinding marks still remained, they would be running 
in a transverse direction round the specimen at regular intervals. 
A large grain at the specimen surface which is subject to 
grinding and polishing, can also act as a failure source. Figs.43 
and 44 show such a case. 
the bulk material during 
The large grain has been 
grinding or polishing and 
loosened from 
a fatigue 
crack has developed along one of its grain boundaries (Fig.44). 
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The existence of internal and external defects goes a 
long way to explain the early failure of apparently sound 
specimens. Defects which exceed the dimensions of critical 
crack size at the tested stress, will cause early failure 
aftsr a small number of cyclic stress reversals. Unfortunately, 
direct evidence of this is hard to obtain from the fracture 
surface, as often when the specimen fractures, the fracture 
source breaks free of the surface, see Fig.44. 
Smaller defects which constitute fatigue sources, do SO 
by decreasing the size of fatigue crack growth required, helping 
the critical crack size to be quickly exceeded. Cyclic stressing 
these specimens causes fatigue cracks to grow from these defects 
until they become unstable, hence determining the fatigue life 
of that specimen. 
5.53 Position of Defects - The position of these defects in 
the diameter of the specimens under test is also critical. 
Microscopic examination would indicate that large defects near 
the critical size can be tolerated close to the neutral axis 
of the specimen, whereas smaller defects near or at the surface 
can drastically shorten the fatigue life of specimens. If 
this is true, then the reiative size of surface defects due 
to mechanical treatments, must not be overlooked in determining 
the cause of premature failures. 
5.60 Fracture Source Examination - Transmission Electron 
Microscop: 
5.61 General Appraisal of Technique - Detailed examination 
of the fracture source of failed specimens was difficult using 
the Scanning Electron Microscope for the following reasons: 
(i) the level of resolution of this microscope was ~ 100Ao 
and on carbide specimens this was insufficient to allow 
examination of the fatigue crack passage, either through carbide 
grains or the surrounding cobalt. 
(ii) The magnetic properties of the specimens allowed examination 
of the specimens using the S.E.M. up to about X 5000 magnification. 
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Unfortunately, at greater magnifications astigmatism was produced 
by the magnetic specimens causing difficulty in focusing on the 
specimen. 
In view of this, a two ~age replica technique was used, 
which allowed detailed examination of to about X 40,000 
magnification. This technique proved very successful and enabled 
detailed examination of the fracture sources. The method was 
also useful for stripping contamination from the surface of 
old in-service failures which had become dirty during storage. 
The replica technique en~bled promi;nent fracture surface 
details to be closely examined. These features included the 
following: 
a) Areas of ductility of the fracture source. 
b) Work-hardening in the cobalt phase. 
c) Cleavage in large carbide grains. 
d) Fatigue striations. 
e) A comparison with features found at the fracture source 
of in-service failures. 
Dealing with each of these in order: 
5.62 Areas of ductility at or near fracture source were observed 
in all grades, a typical example is shown in Fig.50. This area 
can be due to two sources, either a cobalt lake, or more likely, 
be due to an intergranular crack path. Evidence for this is 
shown in Fig.50 where the impressions of carbide grains can be 
seen. If this is correct, then it might be. right to assume 
that the more ductile areas would be found in the larger cobalt 
content specimens. However, this was not observed in practice. 
A possible reason for this is that a propagation fatigue crack 
is more likely to adopt a transgranular/intergranular mode of 
propagation in high cobalt grades, since it is energetically 
favourable to propagate this way; compared with a crack moving 
through a ductile medium, where compressive stresses would tend 
to blunt and delay crack propagation. 
5.63 Work-hardening in the Cobalt Phase - Evidence of work-
hardening in the cobalt phase is seen in Fig.49. Here the 
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work front is attempting to cross a large grain. As it moves 
across in small steps the crack front work-hardens the 
surrounding cobalt phase, which is trying to impede the 
progress of the cracks. Work-hardening occurs until the strain 
energy in the cobalt phase is equal to that of the carbide 
grain. When this is reached the crack front i~ able to cross 
the grain with the next fatigue cycle. The strain energy 
increase associated with the work-hardenin?, occurs as a result 
of the Fee -. CPH transformation. This occurs on a micro-scale 
compared with the much larger volume transformation induced when 
high cobalt grades arp. mechanical ground. 
5.64 Cleavage in Large Carbide Grains - The passage of a 
fatigue crack in a low cobalt volume carbide grade aopears to 
be by transgranular means. This can occur by cleavage through 
large carbide grains, as illustrated in Fig.47. The cleavage 
can occur as failure in discontinuous grains or in a continuous 
form. These observations agree with FUKATSo 38 , who noted that 
cleavage occured mainly in carbide grades which had a grain 
size of less than 5 P- m and a cobal t volume of less than 15%. 
It was found that both Band N grade specimens fitted this 
condition for failure by cleavage. The fact that no cleavage 
was observed in TT grade material confirms the role of the 
cobalt phase in modifying the mode of crack propagation. 
5.65 Fatigue Striations were observed in specimens of B, N 
and TT grades, see Figs.49 and 51. Striations were observed 
in both· the cobalt and carbide phases, but mainly in localized 
areas at the site of failure. The small localized areas may 
be due to the fact that the initiated fatigue crack propagates 
at or near to its source until it reaches the critical crack 
size for the testing stress. Once this condition is satisfied, 
the specimen breaks on the next arplication of tensile stress 
normal to the crack front. Failure can then occur in a bulk 
cleavage manner showing no further striations on the fracture 
surface. These striations can occur in both phases as the crack 
front can alternate between the intergranular and transgranular 
direction. 
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The mechanism of striation formation requires plastic 
deformation in the cemented carbide and the cobalt phases. The 
relative amounts of striations in both phases is then dependent 
on their relative ductilities. 
5.66 In-Service Fracture Surfaces - Striation formation was 
found in replicas taken from in-service fractures (see Fig.53). 
This replica was taken from a N grade cold heading die and shows 
striations present on the carbide grains. The large carbide 
grains can be seen in Fig.52. In this figure the existence of 
plastic deformation in the cobalt phase cannot be clearly seen. 
However, the requirements of this type of cemented carbide 
application are that cobalt is available for deformation to 
increase the toughness of the component. 
Several replicas were examined from a number of in-service 
failures. The photographs presented here in these results were 
considered to be the best of those examined, difficulties in 
stripping representative replicas from the old fracture surfaces 
has meant that more photographs could not be included. Having 
said that, the existing photographs, when compared with those 
of test specimens, would indicate that the in-service type of 
failure was by a similar mode to that of the test specimens, 
i.e. by fatigue. 
5.70 Surface Finishes Associated with Surface Treatments 
5.71 Method of Measuring Finishes - The type of method used 
for ~haracterising the various surfaces of the specimens was 
governed by the type of machine available. It was felt that 
the talysurf 10 type of machine provided an accurate representation 
of the surfaces. The surface finish results (Appendix 11) show 
that good reproducibility was possible using this machine and 
that its choice of use was a sound one. 
This machine however, does have its limitations. Whilst 
the values of Ra, RT and RTM were easily available, the values 
of >. (average wavelength) and Aa (angle between peaks) were 
not accessible. Various attempts were made to measure these 
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parameters but the specimen geometry made it impossible to 
produce representative results. This has prevented the total 
characterisation of the surfaces and could be the subject of 
furthar investigation using replicas taken from surfaces. 
A similar subject for further work is that of the roundness 
of the specimens. The facilities available to the author did 
not include the usual 'Talyrond' "roundness" measuring equipment 
and so the only check on roundness was performed visually using a 
light projector. Using a talyrond or similar piece of equipment 
it may be possible to determine whether certain areas on the 
specimens circumference were subject to differing degrees of 
surface treatment. This would be quite possible as using the 
method described to measure the surface, only three areas on the 
circumference were examined. 
5.12 Surface Finish Values - The actual values of the surface 
finish associated with the various experimental treatments are 
summarised in Table 4 and in Appendix II. This table shows an 
obvious trend between the values of Ra and RTM for all treatments. 
That is,the RTM value is approximately five times the Ra value. 
This trend is rather misleading and is a characteristic of the 
Talysurf 10 machine. During surface examination defects and 
peaks of much larger than five times the Ra value were observed. 
However, this trend between the Ra and RTM values is useful in 
making comparisons between treatments. 
B grade - the surface finish results (Table 4) show the 
pronounced decrease in surface roughness when the ground surface 
is polished. This order of magnitude decrease in surface roughness 
is larger than in the other two grades and is due possibly to 
the polishing mechanism. In B grade material the grain size 
is larger than in the other two grades and consequently, the area 
of carbide grains at the surface is larger. During the polishing 
operation, the selective removal of softer cobalt'phase is reduced 
due to the smaller cobalt area. The surface as a whole is then 
levelled to a greater degree than in surfaces containing smaller 
carbide grains. As would be expected when a ground surface was 
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stress relieved no difference in the surface rougbness was 
detected. 
N grade - variations in the as ground finish between batches 
of N grade specimens are entirely typical of the test material 
and are attributed to variations in both the carbide grain size 
distribution and the grinding process. Polishing this grade 
of specimen resulted in a smaller decrease in surface rougbness 
compared with the B grade and is due to the smaller area of 
carbide grains at the surface. 
The polished surfaces, when stress relieved, did not 
undergo any change in surface roughness as expected. However, 
when they were beadblasted the RT peak values increased. A 
possible explanation concerning this increase is that loosely 
held carbide grains at the surface were removed by the blasting 
process. This is a reasonable assumption as these missing or 
loose grains were observed during examination of the surface 
by S.E.M., Fig.43 & 44. 
TT grade - in specimens made from the higher % cobalt 
grade,variations in surface finish between ground batches were 
similar to that of N grade. The main influence being the 
grinding operation. Polishing this surface decreased its Ra and 
RT values to an extent also equal to N grade. During polishing 
an increase in the RT might have been expected due to selective 
polishing of the larger area of cobalt phase. However, as the 
specimens had been ground prior to polishing, the hardness 
increase experienced in the cobalt phase would have counteracted 
this effect allowing little if any selective polishing. Evidence 
of this is shown when the Ra and RM values associated with stress 
relieved/polished specimens are considered. In these specimens 
the cobalt phase is softer and selective polishing is able to 
occur. The net result is that EM peak values are larger than 
those for ground/polished specimens. 
When polished TT grade specimens were blasted w1 th glass 
beads in an attempt to work harden the cobalt phase, it was noted 
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that although the Ra values remained unchanged, the RT values 
rose. This increase in "peak" roughness can bp. attributed to 
either the removal of surface grains by the action of blasting, 
or to localised deformation of the cobalt phase. The former 
assertion is the more likely due to the fact that areas of grossly 
deformed cobalt were not noted in any of the metallographic 
examinations. However, it must be appreciated that both mechanisms 
would have undoubtedly occured. 
5.73 Surface Finish in Relation to Fatigue Results - the aim 
of the onset of the research was to attempt to define how the 
nature of various surface finishes would effect the fatigue 
performance of the test carbide grades. After collecting a 
great deal of surface finish data it might be expected that a 
mathematical relation could be defined which would indeed relate 
surfaces to fatigue performance. This has proved not to be the case. 
A review of the literature has confirmed that for most 
commercial metals the relationship in question is very ~lusive, 
due to experimental difficulties associated with such st~dies. 
60 AMIYA has produced a direct mathematical model to describe 
how the geometric parameters of a surface correlate to the 
fatigue crack iniation period but this was performed on a type 
)04 stainless steel, a totally homogeneous material compared with 
cemented carbide. This lack of homogeneous behaviour is the main 
stumbling block to achieving any relationship, as internal defects 
the distribution and size of which can totally overshadow the 
fatigue performance of treated specimens. 
Further future work encompassing internal defects may be 
able to give a clearer picture of the total characterisation 
of the surface/subsurface ~~d hence a quantitative approach to 
fatigue life. This quantitative approach if applied to a 
statistical analysis of the surface finish resHl ts could then 
be used to explain some of the scatter associated with cemented 
carbides and other semi-brittle materials. 
In view of the lack of this work,this research can only be 
associated with trends in the fatigue performance of the specimen 
grades. 
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The trends in fatigue performance are associated with the 
surface finish results in the following way: 
'he difference in surface roughness (Ra) produced by polishing 
ground specimens can be as high as an order of magnitude. This 
decrease in roughness is associated with an increased fatigue 
performance of all grades. The heat treatment of the specimen 
surfaces in the form of stress relief does not itself alter the 
surface finish, but has an detrimental effect on the fatigue 
properties of the high cobalt content alloys. 
Beadblasting a polished specimen surface does not alter 
the average surface roughness but for N and TT grade spe~imens 
produces a higher RT .peak value. This in its own right produces 
an increased fatigue performance in the higher cobalt content 
grade (TT) and a decrease in performance in the N grade. This 
apparent discrepancy is thought to be due to the TT grade being 
able to accommodate an increase in RT values due to carbide grain 
removal at the surface and at the same time raise the level of 
compressive stress in the cobalt phase to delay the initiation 
and propagation of fatigue cracks. 
5.74 Commercial Tool Surface Finishes - In order to demonstrate 
the validity of the surface finishes produced and measured 
during the examination, the surface finishes measured from a 
typical cold heading die are included in Appendix Ill. This die 
manufactured from a high cobalt gr~de cemented carbide was 
supplied with a polishedbore.and entry area, it was subsequently 
taken out of service as the surface finish be,ome Yisibly marked. 
Comparing the results of Appendix III with Table 4, it is 
apparent that the die bore has retained a surface finish similar 
to that of a newly polished piece of cemented carbide (TT grade). 
This is direct confirmation of both the polishing technique used 
in this research and the method of accurately measuring the 
surface. 
The surface finish of the entry area of the die had 
deteriorated significantly. It is reasonable to assume that this 
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area would be polished to the same degree as the bore to prevent 
premature failure and yet with use had given a surface finish 
similar to that of a ground surface. 
In relating the surface finishes to the measured fatigue 
performance of similar TT grade specimen, it is as well that the tool 
was removed from service,as its service life would have been 
shortened by the poor entry area finish. Bearing this case in 
mind, it may be conceivable,if not practical, to measure tool 
surfaces whilst in use to determine whether areas are going out 
of specification for a polished finish. Any tools found out of 
specification could then be polished out to the next size and 
their life extended. 
5.80 Notched Fatigue Specimens - The idea of notching fatigue 
specimens prior to testing to accelerate fatigue failure is well 
documented and encompasses various notching techniques and notch 
geometries. By far the majority of this work has been performed 
on specimens made of commercial ferrous and non-ferrous alloys 
with the edge notch in plate specimens being probably the most 
61 62 ~ 
common form, POOK ,KREMBLE ,KONTANI . This large amount 
of literature dwarfs that which concerns the notching or precracking 
I ' 
of hardmetal and cermets. SHIH 64 has re~iewed types of notched 
specimens for ceramics W!1ereas work performed by ALMOND and , 
ROEBUCK 19 has perfected a method of placing a crack in hardmetals 
via a wedge indent6r. However, these techniques have been applied 
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to transverse rupture testing and not fatigue testing. BARKER, 
,b6' 
and PETROVIC have described other methods of placing notches 
in flat plates of hardmetals and ceramics. However, to the 
author's knowledge, no one has attempted to notch round rotating 
bending fatigue specimens made of tungsten carbide alloys. This 
may be due to the difficulty experienced in placing suc? notches 
compared with the commonly used milling or other machining 
operations encountered in commercial ferrous and non· ferrous 
alloys. The diamond notching technique devised for this research 
has shown it is possible to place very sharp notches of small 
notch radius in hardmetals. It has been possible to accurately 
control the notch size and the technique has allowed a 
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reproducible notch to be placed in the circumference of a 
cylindrical fatigue specimen. 
Using this developed technique it has been possible to 
simulate damage sustained by cemented carbide tooling during 
use. The dimensions of this simulated damage range in notch 
sizes from 5· 50)J. m. This size ra."lge has been found to encompass 
the largest RTM values (Table 4) measured at the surface and the 
large internal defects associated with premature fatigue failure. 
5.81 Fatigue Crack Prooagation from Notch - The system used 
o to produce the notches was found to produce a sharp 120 V-shaped 
notch, whose flanks showed that the cemented carbide phase had 
been sut rather than having whole carbide grains pulled out, 
see Fig.45(a), 46(a). The angle of the notch was governed by 
the geometry of the diamond and it is considered to be of the 
o . 
optimum size. A smaller angle than 120 would have been preferable 
to produce a sharper notch. Nevertheless, the notch used was 
sharp enough to initiate a fatigue crack running from its root, 
and cause early fatigue failure. The question of how accurately 
the notching simulates industrial conditions cannot be answered, 
as no scratches could be measured on in-service failures. 
However, it was felt that the sharpness and accuracy of the 
machined notch must create a more damaging effect on the cemented 
carbide surface, when compared with random unknown scratches. 
The mode of fracture pat~hes in cemented carbides is one 
of continuing controversy and many differing views have been 
expressed. Clearly thsre are three major types of fracture 
path, that can be considered; a path which is transgranular 
with respect to the carbide grains, a path which passes through 
the cobalt matrix, and an intergranular fracture path which 
propagates and continues between the carbide particles and the 
matrix. Having named three separate types of path it must be 
stated that a path consisting of combinations of these gpains 
is a real possibility. 
In order to determine the type of fracture path in the 
specimens used in this research, S.E.M. and T.E.M. techniques 
- 70 -
• 
were employed. When the S.E.M. method of investigation was used 
for ~ grade material, a change in the fracture surface was noted 
from the notch ~ea to that of the bulk fracture surface, see 
Figs.45(a), (b) and (c). The fatigue crack propagation at the 
base of the notch would appear to be in the transgranular mode 
with little evidence of cobalt being present. This area can be 
seen as ·a band quite clearly in Fig.45(a). The bulk materials 
next to this band however, appears to contain an intergranular 
mode of crack propagation. Evidence of this apparent change in 
fracture path is reported by MASON and KENNy6T, who state that 
the dominant fracture mode is intergranular. 
view is challenged by earlier work by GURLAND 
However, their 
68 
and BARDZIL who 
have provided microscopic evidence for a predominantly transgranular 
fracture path. They concluded that the fracture path was controlled 
by the properties of the carbide particles. 
These two different views· may be encompassed in this present 
work by allowing transgranular fracture to occur in the area 
immediately next to the notch where,through work hardening and 
localised strained regions due to the diamond machining, the 
conditions are right for transgranular propagation, i.e. high· 
state of tensile stress in carbide phase. Moving into the bulk 
of the material the less strained carbide grains would not 
sustain transgranular propagation and, in order to propagate 
further, the crack front would hnve to proceed in an intergranular 
manner. This possible explanation would imply a change in crack 
velocities as the crack front moves from the site of inWation 
(notch tip), The mode of propagation becomeS, intergranular as 
the crack velocity decreases due to the blunting effect of the 
compressive stress state in the cobalt layers. This decrease in 
crack growth rate is intimately connected to the plastic zone 
rad,~sof ductile material (cobalt) immediately in front of the 
adva~cine crack tip in the following manner. Assuming plain 
strain conditions exist at the advancing crack tip (the plastic 
zone size is less than half the specimen thickness) then according 
to SCHIJVr:69 the plastic zone size rp = 1 (. AI( ) 2 
,- ,i6'yield 
"''' 
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The crack growth rate is given by the PARIS equation4 
Combining the two equations: 
1 
m 
This s:Jowing of' the crack f rent as it enters ~lastic 
zones can also be explained in terms of the different fracture 
toughness values of the cobalt subject to plastic deformation. 
EVANS 59 has stated that the passage of a fatigue crack through 
cemented carbide causes ligaments ef cobalt to remain behind 
the passage of the crack and that these ligaments apply crack 
closure faces which oppose the propagation of the crack. 
On fracture these ligaments are said to produce the ductile 
dimple features observed on the fracture surface as reported 
by CHERMANT 70 and LUYCHX36 • Their presence is confirmed during 
the examination of fracture surfaces of TT grade specimens, 
Fig.50. EVANS has shown that the presence of these ligaments 
can alter the fracture toughness value of the cobalt phase 
using the follow~ing relationship (71), 
K-e = + () 'f J "2L (1 + d/D}2 
Where Ko is the inbdnsic toughness of the carbide 
constituent, or of the carbide/metal interface (whichever is 
preferred site for crack extension), d is the separation 
between ligaments, D is the ligament diameter and L is the 
length 'of the ligament zone. 
This change in fracture toughness values is, therefore, 
consistent with the crack velocity changing due to localised 
plastic deformation around the crack tip. From this it then 
follows that the larger the ductile metal (cobalt) zone 
around the crack tip, the more likely a change in mode of 
crack propagation is to Occur. If this is correct then the 
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higher cobalt grade specimens should show a more pronounced 
effect. 
This tranErfer of mode into decreasing velocity is 
given more credance when a similar investigation is performed 
on TT grade material, Figs.46(a), (b) and (c). With this 
material the band of transgranular cracking is Bmalle~, 
indicating that the crack velocity is decreased over a smaller 
distance of propagation. The increased cobalt content has 
a greater effect in slowing this c rack front by virtue of the 
fact that the cobalt volume ahead of the fatigue cracks is 
able to undergo the fcc ----J>. cph transformation as the crack 
front approaches and passes through it. This theory is in 
agreement with ALMOND and ROEBUCK20 who also stated that the 
stress state of cobalt ahead of the crack tip could be raised 
by the constraint placed upon the cobalt by the carbide grains 
causing it to fail in an unstable ductile manner. 
Undoubtedly the size of the carbide grains could have 
an effect on the stress state of the binder/carbide phase 
and hence the mode of propagation. However, as no results 
were obtained for! grade specimens (coarse grain size) this 
hypothesis cannot be expanded to explain the effect of grain . 
size. 
The investigation into the mode of crack propagation 
from a notch was taken a step further by the use of Transmission 
Electron Microscopy. Replicas were taken of the notch surface, 
the notch fracture surface interface and the fracture surface 
itself. This procedure was carried out on all three grades 
of material and the results are shown in Figs.55, 56 and 
57. 
The hypothesis of a decrease in crack velocity accompanying 
a change in propagation mode is further strengthened by the 
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results obtained. Replicas taken from] grade specimens show the 
very clear transgranular mode at the notch itself. Cleavage 
markings on some of the grains indicate the direction of the 
advancing crack front. This is in direct contrast with the 
replica taken from the fracture surface itself. Here cobalt 
can be seen surrounding the carbide grains, indicating that the 
mode of propagation is intergranular. It is also very likely 
r 
that transgranular propagation will have occured in the regions 
• 
of large carbide grains due to the localised large carbide to 
cobalt volume ratio. 
Replicas taken from ! grade specimens show a similar 
change in propagation mode from transgranular (notch) to 
intergranular (fracture surface). With this grade the change 
is less pronounced, due probably to the smaller grain size. 
The effect of the smaller grain size appears to limit the extent 
of fast crack propagation so that the crack in front would 
advance in a cyclic manner of short fast steps. 
TT grade relicas showed the influence of the greater 
cobalt content on the mode of propagation. The S.E.M. investigations 
indicated that the transgranular area of the fracture surface was 
. small compared with that of N grade. This is reinforced by the 
replicas taken across the notched areas. Here little or no 
evidence of transgranular crack propagation was seen, the 
dominating mode being that of intergranular propagation. 
If this situation is representative of that found with the 
in-service failures, then it demonstrates the tolerance of TT 
grade to scratches or notches. This is apparent by the generally 
better fatigue performance shown by TT grade material with a 
variety of surface finishes. 
5.82 Notch Size - The size of actual notches placed in the 
carbide specimens ranged from 4 - 56}Am. The notch depth was 
measured from a Talysurf trace and may be subject to an error 
of some 10%. However, as the results were plotted in .. relation 
to one another, this error is considered insignificant. 
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By far the majority of the no·tches placed in the specimen 
grades were in the range 20- 50}lm (Tables 5, 6 and 7). Due 
to the small number of specimens of each grade tested at the 
same stress level, no comparisons can be made between the effects 
of surface condition of notching. This was obviously an 
unsatisfactory situation and so the idea of AN, the fraction of 
notch si.ze comparEld to the critical notch size, was developed. 
Using this notation the perfomance of as ground notch specimen 
compared to polished notched specimens can be demonstrated. For 
specimens of B grade material (Tables 8 and 9, Fig.37) the 
superior performance of ground over polished specimens is clearly 
shown. In this grade the ground specimens are able to tolerate 
larger notch sizes for the same fatigue life. The reason for this 
is not clear whilst grinding defin~tely involves a compressive 
layer in the surface, the lack of available cobalt for work 
hardening is limited by the coarse grain size. This coarse 
grain size however, may reveal the answer,·as.i t may be placed 
in compr,ession ~ather than tension. This would perhaps lead to 
crack propagatiom. being forced to take an intergranular :route 
rather than the mare rapid transgranular route. 
Polishing the specimens prior to notching would partially 
remove the compressive ~resses in carbide grains allowing earlier 
crack propagation and ultimate failure. 
The notched results for N grade are summarised in Tables 
10, 11 and Fig.38. These notched specimens were all tested at 
the same stress (1000 MNm-2). For ground specimens there is a 
gradual fall in fatigue life as the notch size appropaches the 
critical notch size. However, this grade is seen to tolerate 
notches greater than the critical notch size due to the testing 
oc...v 
stress. This was not expected and possibly~be explained by 
the grinding operation undertaken during specimen manufacture,the 
net result being that the applied compressive stresses due to 
grinding being greater than the tensile stresses normally 
associated with instant failure of a notch greater than the 
critical size. This may however, be totally incorrect as a small 
population of specimens were tested and N grade, as shown in 
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previous fatigue results, is subject ;to large scatter. The 
experience of carbide tool manufacturers does lend weight to the 
former id~as worn/scratched tools have been known to exceed the 
lives of smooth unmarked examples. 
The results of polished notched N grade specimens shows 
the inferior fatigue performance compared with the ground 
s-t/ 
specimens. However, the first half of the~curve is not expected 
and can probably be explained by the small population tested. 
In specimens making up this first half,the cause of failure is 
more likely to be large internal defects rather than the small 
sub-critical notches induced. 
The notch values from Table 6 can also be expressed as 
a fatigue reduction factor Kj (Table 12, Fig.39). As expected 
there is a reduction in the fatigue life with increasing notch 
size, however, there is no massive reduction in life as the 
notch size exceeds the critical size. Surface grinding would 
certainly delay this effect but there is another plausible 
explanation. When the deep notches were machined,it is possible 
that "the volume of cobalt ahead of the tool tip was placed in 
sufficiently high" strain due to the machining conditions and 
underg"oesplastic deformation by the fcc _ cph cobalt transformation. 
This well known transformation is able to blunt propagating 
cracks and increase the fatigue performance of the material. 
Likewise, the carbide grains which are cut by the diamond tool 
are placed in compression due to the machining operation. 
The effect of notching a higher cobalt grade cemented 
carbide (TT) is illustrated in Tables 13, 14 and Fig.40. The 
small amount of data available gives the impression that for 
both ground and polished specimens the fatigue life is independent 
of the notch size fraction. This large assumption is 
critical notch size 
wide open to the scatter associated with the fatigue testing of 
cemented carbides. However, evidence noted in the ~acture 
surfaces of this grade shows that TT grade is able to tolerate 
internal defects the size of which is equal or greater than the 
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size of the notches introduced in its surface. It is then 
questionable to ask whether failure in this grade is caused by 
the growth of a fatigue c rack from a notch or from a similar 
size internal defect. 
In view of this,the effect of grinding the surface rather 
than polishing cannot realistically be answered, as both sets 
of results are not clearly separable. From the previous polishing 
studies, it might be expected that polishing would have an adverse 
effect on the fatigue performance. Further work involving a 
much larger population of specimens would be required to confirm 
this. 
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6.0 CONCLUSIONS 
1. SPECIMEN GRADES EXAK:INED 
Two commercial and one experimental grade of cemented 
carbide were ex~ined. The commercial grades consisted of 
N grade which contained 6% cobalt and WC with 1.4)J.. m average 
grain size; and TT grade which contained 25% cobalt and WC with 
1.4 }J- m average grain size. The experimental grade B had the 
same cobalt content as N grade, i.e. 6%, however, it contained 
larger (4.0 J.lm) carbide grains. 
Minature Wohler fatigue specimens were produced from these 
grades and tested in a rotating bending fatigue machine, at 
·2 
stresses up to 1400 MNm • 
Three batches of N and TT grade were supplied for 
examination whereas only one batch of the experimental grade (B) 
was available. 
N grade When fatigue tested in the "as received" condition 
variations in fatigue performance was noted between batches, 
batches 2 and 3 appear to be superior to batch 1. However, no 
numerical difference may be drawn due to the scatter in results. 
TT grade In the as received condition, batches 1 and 3 appear 
superior to batch 2. Scatter associated with the results 
prevents the calculation of the numerical advantage of batch 
1 and 3 over batch 2. 
In both grades the variations within batches are 
characteristic of the material under investigation. 
2. FATIGUE RESULTS - AS RECEIVED SPECIMENS 
In terms of maximum stress tested, and fatigue life the 
follOwing results were obtained:-
B grade 
Maximum testing 
Maximum fatigue 
stress - 1400 MNm2 
life 
- 107 cycles at 1000 MNm~ 
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N grade 
-2 Maximum testing stress - 1400 MNm 
7 -2 Maximum fatigue life - 4.1 x 10 cycles at 1150 MNm 
TT grade 
Maximum testing stress - 1350 
Maximum fatigue life - 9.12 
3. CHARACTERISATION OF SURFACES 
-2 
cycles at 700 MNm 
The surface roughness of each fatigue specimen was measured 
by "Talysurf" equipment and the following results recorded. 
As received condition: Batch variations in the average roughness 
measurement were noted. 
B grade average roughness - 0.65 ~ m 
N grade average roughness - 0.4 - 0.8 p.. m 
TT grade average roughness - 0.37 - 0.85}k m 
These variations are attributed to the grinding technique 
used to produce the specimens. 
Diamond polishing the as received specimens reduced the Ra 
value to 0.1}.\.m for N and TT grade. B .grade specimens in the 
polished condition had a superior surface finish of 0.05~m. 
When the specimen grades were subject to beadblasting, the grades 
containing 6% cobalt (B and N) did not show any change in surface 
roughness. TT grade specimens exhibited a measurable change in 
Ra from 0.1 - 0.25~m due to plastic deformation in the larger 
content of cobalt phase. 
There was no measurable difference in Ra when the specimen 
grades were stress relieved. 
In terms of the peak roughness values, Rm, the only surface 
treatment to show any change in surface was that of beadblasting. 
In N grade material the result was slight and is attributed to 
the removal of loose surface grains. TT grade showed a larger 
increase from the polished value 0.6 - 3.0}km and is due to 
localised plastic deformation in the cobalt phase. 
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A mathematical correlation by statistical analysis between 
surface roughness parameters and fatigue life has not been 
possible due to a limitation in the number of specimens. This 
is also true for the correlation of fatigue life with other 
parameters which may effect fatigue performance. These include 
the stress state of the surface and the exista~ce of internal 
defects at or near the surface. 
4. SURFACE TREATMENTS 
(a) Mechanical Polishing of Surfaces: 
The diamond polishing of specimens made from the test 
grades ~roduced the following fatigue results: 
B grade 
a reduction 
In terms of increase in fatigue life (dN) due to 
-2 in test stress of 200 MNm ; polishing increased the 
dN value by 11%. 
N grade There was no measurable increase in fatigue life 
.following diamond polishing. 
TT grade The increase in fatigue life, aN value, due to 
polishing TT grade specimens was approximately 350%. 
This large increase in life is attributed to the reduction 
in surface roughness and localised plastiC deformation in the 
cobalt phase during polishing. 
(b) Cold Working of Surfaces (Beadblasting): 
The following conclusions are drawn from the results from 
beadblasting polished specimens: 
N grade The fatigue life of specimens decreases after 
beadblasting due to the removal of surface grains. The "holes" 
produced then act as a failure source. 
TT grade An increase in fatigue life was noted of approximately 
300%. This increase is due to the surface of the specimens being 
placed in a state of compressive stress following beadblasting. 
In conclusion, the TT grade material s~ows the largest 
increase in fatigue life either by polishing or by beadblasting. 
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5. HEAT TREATMENTS - STRESS RELIEVING TREATMENTS 
Stress relief had a measurable effect on the fatigue life 
of the specimen grades in the as received condition. 
B srade Here a slight increase in d!I value of 11% was noted. 
N srade A large increase in dN of 40 x was measured. 
TT srade A decrease in dN of 50% was observed following stress 
relief. This decrease in fatigue life is due to the removal of 
~ 
compressive stress in the cobalt phase which delays the initation 
" of fatigue cracks •. 
However, if TT grade specimens in this condition are 
subsequently polished, an increase in dN of 400% is noted. This 
increase is due to the improved surface character due to polishing. 
N grade specimens show a much larger increase .in fatigue life, 
approximating x 400; the effect of polishing having a superior 
effect in producing a surface which is less likely to contain 
defects which would cause early failure. 
6. FRACTURE BEHAVIOUR 
A carbon replica technique was developed and used to study 
the fracture surfaces of the failed fatigue specimens. Evidence 
was found on the fracture surfaces of the TT grade specimens 
which indicated that failure was initially by a fatigue mechanism 
followed by fast mixed ductile/brittle mode of fracture. A 
characteristic "heel" on the fracture surface, indicating tensile 
type fracture, was noted. In the 6% cobalt grades, little evidence 
was seen of fatigue due to the reduced cobalt content. However, 
a fatigue mechanism was present which was initiated from a 
defect so that an unstable crack developed which was large enough 
to cause catastrophic failure. 
Defects which initiated fatigue cracks were noted on the 
fracture surfaces. They included linked microporosity, abnormally 
large grains and cobalt "lakes". 
The fracture mode was predominantly transgranular in the 
carbide phase of the 6% cobalt specimens. In the 25% cobalt 
grade specimens evidence of ductility indicated that transgranular 
r 
crack propagation had occu~ed in the cobalt phase together with 
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an intergranular crack path between the cobalt/tungsten carbide 
phases. 
7. EFFECT OF DEFECTS ON FATIGUE PERFORMANCE 
Large defects were observed on the fracture surfaces of 
specimens which exhibited a low fatigue life. The size of these 
defects varied from 5 - 60p..m. Early failure, caused by these 
defects, accounts for the large scatter in the results of N grade 
specimens. Defects larger than the critical defect size at the 
test stress caused premature failure. 
It was noted that specimens from TT grade material were 
able to contain larger than critical size defects, and still 
produce a long fatigue life. 
8. EFFECT OF I1~UCED SURFACE FLAWS 
A technique has been developed for accurately p!acing 
circumferential notches in fatigue specimens. The depth of 
notches placed ranged from 4 - 56~m. The notch was of sufficient 
sharpness to ensure that fatigue failure occured by a fatigue 
crack initiated at the root of the notch. 
Induced notches on specimens showed that notches larger 
than the critical crack size (for instantaneous failure at the 
testing stress) could be accommodated in specimens with a high 
cobalt content, i.e. TT grade material. No conclusions concerning 
the effect of notch size on fatigue life can be drawn for this 
grade due to insufficient data. 
With B grade material, notch size has an effect on the 
fatigue performance. Increasing the notch size decreases fatigue 
life. This effect is IOarger in polished specimens when compared 
with ground specimens. 
Notches placed in specimens from N grade material showed a 
mixed effect. In ground specimens the fatigue performance 
decreased with increasing notch size. It was noted that as 
ground material could tolerate notches exceeding the critical 
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notch size. 
With polished N grade specimens a large scatter in fatigue 
performance was observed when small notches were tested. The 
larger notch sizes have a detrimental effect on fatigue life. 
Kicroscopic examination of the notched specimens after failure 
indicate a change in the crack propagation behaviour, from the 
transgranular mode at the notch tip, to an intergranular mode 
in the bulk of the specimen. This change in the mode of propagation 
was most noticable in the high cobalt content specimens and 
represents the effect of the change in crack front velocity between 
the crack front at the notch tip and the remaining cross section 
of the specimen. 
9. RECOMMENDATIONS FOR INDUSTRIAL PRODUCTION 
(a) In the low cobalt content grades, the largest fatigue life 
can be expected from material whose surface is placed in compression 
and has a high degree of surface finish. 
(b) The effect of scratches. or notches up to the critical notch 
, 
size has a detrimental effect on fatigue life. Efforts should 
be taken to keep these notches below 10}km in depth. 
(c) With high cobalt grades, the greatest fatigue performance 
may be obtained by placing the working surface in a state of 
compressive stress. This may be achieved by grinding (Ra below 
3~m) or beadblasting a polished surface. 
(d) The effect of mechanical polishing has a detrimental 
effect on the fatigue performance of high cobalt grades and should 
be followed by surface deformation, i.e. beadblasting. 
(e) With all grades fatigue life may be maximised by correct 
grain size distribution and good housekeeping during the 
sintering operation. 
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6.1 RECOMMENDATIONS FOR FUTURE WORK 
1. MATHEMATICAL MODEL 
An attempt should be made to develope a model to describe 
the fatigue behaviour of cemented carbides in terms of its 
operational stress and its surface condition. 
2. MATERIAL 
It is recommended that this study is carried out on 
material using fatigue tests with stress levels of < 1000 
N grade 
-2 MNm • 
Two distinct surface conditions, at least, should be examined. 
This would require at least 30 specimens for each surface 
condition. 
3. GRAIN SIZE 
In order to eliminate the effect of grain size on fatigue 
performance, it is recommended that care be taken to ensure, as 
far as possible, that,N grade cemented carbide with a small 
(1 - 3,u..m) grain size be used. 
4. FRACTOGRAPHY STUDIES 
After failure, the fracture surface of each specimen should 
be examined using the techniques already explained and described. 
Attempts should be made in these studies to find the source of 
failure and to measure the size of a~y defect discovered which 
may have contributed to premature failure. 
5. SURFACE TREATMENTS 
It is suggested that a number of heat treatments be used, 
the effect of temperature on the stress relieving could be 
established. Rapid heat treatments, such as produced by induction 
heating, could also be studied. 
6. NOTCHING STUDIES 
Further work should be continued in this area. The 
microstress levels surrounding the notch tip should be examined, 
- 84 -
perhaps using x-ray techniques. These studies would give a 
better understanding of the factors effecting the mode of crack 
propagation. 
7. CRACK PROPAGATION AND VELOCITY da 
The velocity of the crack front in terms of dN (incremental 
crack growth per stress reversal) could be investigated using, 
for instance, the magnetic coercivity of the specimen under test. 
Changes in this p~operty could coincide with changes in the 
cobalt phase as the crack front proceeds. 
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TABLE 1 
Physical Properties of Specimen Grades 
Specimen Cobalt Content Approx. Grain Density Hardness Youngs Mod. KI Apparent 
Grade (%) Size (}J. m) (g/cm5 ) HV30 GN/ml (MNm...t ) Porosi ty (%) 
B 6 4 - 4.5 15.0 1460 - 1426 16.00 
N 6 1.4 .., 2.0 15.04 1680 - 1799 630 8.24 0.06 
Tr 25 1.5 - 2.0 13·15 950 - 978 460 20.5 0.2 
TABLE 2 
Effect of Stress Relief on the Bulk 
Hardness of As Ground Specimens 
SpecJmen Grade Hardness 
and Condi tion HV30 
B Grade 
As ground 1460 - 1426 
As ground/stress relieved 1361 - 1103 
N Grade 
As ground 1799 - 1679 
As ground/stress relieved 1532 - 1508 
TT Grade 
As ground 978 - 959 
As ground/stress relieved 917 - 889. 
I 
TABLE 3 
Effect of Stress Relief on Microhardness of As Ground Specimens 
TT Grade Specimens 
Condition Microhardness (kgmM~) in 0.2mm steps 
1.0 0.8 0.6 0.4 0.2 Centre 0.2 0.4 0.6 0.8 1.0 
As ground 1257 1125 964 761 761 761 761 875 916 916 -
As ground/stress 617 670 729 697 761 797 761 642 642 617 -
relieved 
As ground/stress 833 833 833 875 761 729 797 761 761 642 797 
relieved and 
3O)1.m polish 
TABLE 4 
Typical Surface Finishes 
,Grade and Treatment Ra (Am) RTM (jJm) Rm r.p, m) 
B Grade (6 ~ Co) 
As ground 0.65 3.4 4.5 - 3.0 
Polished 0.05 0.3 0.8 - 0.2 
As ground/stress relieved 0.66 3.4 4.6 - 3.0 
polished/stress relieved 
N Grade (6 ~ Co) 
As ground Batch N1 0.68 3.5 5.0 - 3.0 
N2 0.4 2.1 5.0 - 2.0 
N3 0.8 4.2 6.0 - 4.0 
Polished 0.1 0.25 1.1-0.2 
As ground/stress relieved 0.35 2.1 5.5 - 2.0 
Stress relieved/polished 0.1 0.2 1.8 - 0.2 
Stress relieved/polished/ 
bead blasted 0.1 0.6 1.6 - 0.4 
TT Grade (25 ~.Co) 
As ground Batch T1 0.72 3.6 5.0 - 4.0 
T2 0.37 1.9 2.7 - 1.5 
T3 0.85 4.7 6.0 - 4.7 
Polished 0.1 0;2 0.6 - 0.2 
As ground/stress relieved 0.33 1.6 2.6 - 1.7 
Stress relieved/polished 0.12 0.31 1.0-0.2 
Stress relieved/polished/ 
bead blasted 0.25 1.6 3.0 - 1.8 
TABLE 5 
Notched Specimens B Grade 
Specimen Notch Size (}Lm) StreBs (mm-2.) Cond. Specimen Life (cycles) 
BC2 32 1100 ON 313 
BC3 50 800 ON 2.414 
BC4 38 1000 ON 313 
BC5 52 600 ON 2.12E6 
BC6 
.58 900 ON 6.0E6 
BC7 56 700 ON 8.28E5 
BC8 8 1100 PH 1.o8E5 
BD1 4 1200 PH 1.o6E6 
BD2 24 900 PH 2.114 
BD3 16 1300 PH 7.514 
BD4 11 1000 pt{ 3.o6E5 
BD5 20 900 PH 3.614 
TABLE 6 
Notched Specimens N Grade 
Specimen Notch Size ()lm) Stress Ofim-1 ) Cond. Specimen Life (cycles) 
NI6 42 1000 ON 9E4 
NI7 20 1000 ON 1.01E6 . 
NI8 41 1000 ON 1.98E5 
NI9 20 1000 ON 3.4E6 
NI10 58 1000 GN 3.9E4 
NI11 37 1000 GN 2.7E4 
-< 
-
NF3 8 1100 Hf 3.08E6 
NF5 9 800 Hf 1.5E3 
NF6 25 1100 Hf 9E3 
NF7 25 1100 Hf 1.74E5 
NB9 17 1000 Hf 6E3 
NB10 18 1000 Hf 0 
NB11 34 1000 Hf 1.5E4 
TABLE 7 
Notched Specimens TT Grade 
Specimen Notch Size <}lID) Stress (IINID-.I. ) Cond. Specimen Life (cycles) 
TJ? 40 800 aN 1.5EJ 
TJ8 46 600 aN 1.18E7 
TJ9 48 ZOO ON 1.57E6 
TJ10 20 1000 ON 3E3 
T03 19 1100 Ri 0 
, 
TG6 22 1000 Ri 313 
T07 34 900 Ri 3EJ , 
TG8 56 1000 Ri 0 
TABLE 8 (a) 
AN Results for B Grade As Ground Specimens 
Specimen No. Notch Size N (}Am) Stress (MNai 1 ) C crit (jU) AN Life 
BC5 52 600 226.5 0.229 2.12E6 
BC6 58 900 100.59 0.576 6.0E3 
BCT 56 700 166.34 0.337 8.28E5 
BC2 32 1100 67.37 0.475 3E3 
BC4 38 1000 81.48 0.466 3E3 
BC3 50 800 12:7.29 0.393 2.4E4 
Specimen No. Notch Size 
BC2 32 
Bc4 38 
BC3 50 
BC7 56 
BC5 52 
BcG 58 
TABLE 8(b) 
Re-organised Data from Table 8(a) 
()' m) Stress (MNni
'
) C crit (pm) 
1100 67.37 
1000 81.48 
800 127.29 
700 166.34 
600 226.5 
900 100.59 
AN Life x 103 
0.475 3.00 
0.466 3.00 
0.393 24.00 
0.337 • 828.00 
0.229 2120.00 
0.576 6.00 
TABLE 9 (a) 
AN Results for B Grade Polished Specimens 
Specimen No. Notch Size N <p. m) Stress (MNm-1. ) P crit CjJm) AN Life 
BD1 4 1200 56.58 0.070 1.06E6 
BC8 8 1100 67.37 0.118 1.08E5 
BD2 24 900 100.59 0.24 2.1E4 
BD3 16 1300 48.21 0.33 7.5E4 
BD4 11 1000 81.48 0.14 3.06E5 
BD5 20 900 100.59 0.19 3.6E4 
• 
- - -. - _. . .. -
Re-organised Data from Table 9(a) 
Specimen No. Notch Size ()-' m) Stress (HNui") C crit (p. m) AN Life x 103 
BD1 4 1200 56.58 0.070 1060 
BC8 8 1100 67.37 0.118 108 
BD4 11 1000 81.48 0.140 306 
BD3 16 1300 48.21 0.330 75 
BD5 20 900 100.59 0.190 36 
BD2 24 900 100.59 0.240 21 
TABLE 10 (a) 
AN Results for N Grade As Ground 
Specimen No. Notch Size N <p. m) Stress (HNm-1.) ~ crit y.tm) L\.N Life 
NI6 42 1000 21.609 1.94 9E4 
NI7 20 1000 21.609 0.925 1.01E6 
NI8 41 1000 21.609 1.89 1.98E5 
NI9 20 1000 21.609 0.925 3.4E6 
NI10 58 1000 21.609 2.68 3.9E4 
NI11 37 1000 21.609 1.712 2.7E4 
., 
Specimen No. Notch Size 
NI7 20 
NI9 20 
NI11 37 
NI8 41 
NI6 42 
NI10 58 
TABLE 10(b) 
Re-organised Data from Table 10(a) 
(}l m) Stress (MNrii") C crit ().l m) 
1000 21.609 
1000 21.609 
1000 21.609 
1000 21.609 
1000 21.609 
1000 21.609 
AN Life x 103 
0.925 1,010 
0.925 3,400 
1.712 27.0 
1.89 198 
1.94 90 
2.68 39 
TABLE 11 (8.) 
. 4. N Results for N- Grade Polished 
Specimen No. Notch Size N (p. m) Stress (MNm-~ ) C crit (J-lm) A'" Life 
NF3 8 1100 17.71 0.45 3.08E6 
NF5 9 800 33.32 0.27 1.5E3 
NF6 25 1100 17.71 1.41 9E3 
NFi' 25 1100 17.71 1.41 1.74E5 
NF9 17 1000 21.609 0.787 6E3 
NF10 18 1000 21.609 0.832 0 
NF11 34 1000 21.609 1·57 1.5E4 
TABLE 11(b) 
Re-organised Data from Table 11(a) 
Specimen No. Notch Size (p m) Stress (MNni") C crit (p.m) ~N Life x 103 
, 
NF3 8 1100 17.71 0.45 3,080 
NF5 9 800 33.32 0.27 1.5 
NF9 17 1000 21.609 0.787 6 
NF10 18 1000 21.609 0.832 0 
NF6 25 1100 17.71 1.41 9 
NF7 25 1100 17.71 1.41 174 
NF11 34 1000 21.609 1.57 15 
TABLE 12 
Fatigue Strength Reduction Ratio Kt for N Grade Notched Specimens 
1.5!:7 
Specimen No. Notch Size (flm) Life Kt= Life 
NI9 20 3.4E6 4.41 
NI7 20 1.01E6 14.S 
NI11 37 2.7E4 550 
NIS 41 1.9E5 7S.9 
NI6 42 9E4 166 
NI10 58 3.9E4 384 
TABLE 13 
AN Results for TT Grade Aa Ground 
Specimen No. Notch Size N ( ,um) Stress ()!Nail) C crit (}Am) AN Life 
TJ10 20 1000 133.8 0.149 3E3 
TJ7 40 800 208.98 0.19 1.5E3 
TJ8 46 600 371.5 0.12 1.18E7 
TJ9 48 'lOO 272.9 0.176 1.15E6 
.-
TABLE 14 
~ N Results for TT Grade Polished 
Specimen No. Notch Size (JI. m) Stress (MNm2.) C cri t ()l m) ~N Life 
TG3 19 1100 109.6 0.17 0 
TG6 22 1000 133.8 0.16 3E3 
TG7 34 900 165.12 0.21 3E3 
TG8 56 1000 133.8 0.42 0 
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Fig.13(d) Typical Talysurf trace of notch 
in surface of as received specimens 
(all grades) 
Fig.13(e) Typical Talysurf trace of notch 
in surface of polished specimens 
(all grades) 
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Fig.14 Minature Wohler specimens 
and collets' used for 
holding specimens in 
Wohler fatigue machines 

Fig. 15 Calibration of Wohler fatigue 
test machines, utilising strain 
gauged fatigue specimens 
• 
.. -
Fig. 16 
Holder on polishing machine which 
allows fatigue specimen to rotate 
during poliShing action 

Fig. 17 Polishing machine showing 
general arrangements with 
wooden (teak) polishing wheel 
in position over fatigue 
specimen holder 
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Fig.20(a) 
Air turbine spindle for rotating 
fatigue specimens in notching machine. 
Fig.20(b) 
~ir regulator for use with 
above air turbine. 
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Fig.21(a) 
Diamond notching tool in holder. 
Fig.21(b) 
Diamond tool and holder in position on 
aervo-hydraulic testing machine used for 
notching fatigue specimens • 

Fig.22 Typical surface 
of notch 
:It },ooo 
Fig.2~) Typical fracture surface 
after failure of fatigue 
specimens 
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B grade 
x 8,300 
Fig.24 (Duplicated as Figs.47, 48 
& 49) Typical carbon replicas prepared 
for T.E.M. examination of specimen 
grades. 
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x 20,000 
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x 20,000 

Fig.25 
Typical polished microstructures of 
specimen grades used in this research. 
(Etched in O.1M NaOH 
O.1M K Fe3(CN)6) 
B Grade 
x 1.500 
N Grade 
x 1.500 
TT Grade 
x 1.500 

Fig.25(b) TT grade x 1500 
Example of grain growth during 
sintering 
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B Grade 
x 6,000 
/Fig.41 (b) 
N Grade 
x 600 
1Fig.41 (c) 
TT Grade 
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Fig. 42 X- 500 
S.E.M. of fracture surface of fatigue specimen 
(polished) made from TT grade material showing 
surface cracks. 

Fig. 43 x 2.200 
Fig.44 x 5.500 
Fig.43 and 44 S.E.M. of fracture surface 
of fatigue specimen (polished) made from 
N grade material showing defect where large 
grain has been removed on fracture. 

Fr~cture surface Notch surface 
Fig. 45 Two views of areas near fracture of 
fatigue specimen made from N grade 
material which had been notched 
prior to testing 
~a) 
X 300 
(c) Away from site X 5.5K (b) Fracture site X 5.5K 

Fig.46(a) 
TT Grade Fracture/Notch Surface 
x 900 
~way from Site x 4.800 (c) /Fracture Site x 4.800 (b) 
Fig.46(b) 
(c) 
Fracture Site at Fracture/Notch Interface 
'Bulk' Fracture Surface 

Figures: 47, 48 and 49 
Please see Figure 24 
Fig. 50 
"Dimpied" Ductile Surface 
x 8.300 
Fig.51 
Fatigue Striations 
X 3.300 
Replicas seen under T.E.M. of fracture surfaces of 
TT grade material showing particular fracture features. 
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Fig. 52 
Fig. 53 
, 
General Fracture 
surface 
x 6,600 
Fatigue Btriations 
x 6,600 
Replicas of fracture surfaces seen under T.E.K. of 
failed cemented carbide cold heading die 
Fig.54 Cold heading die 
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Fig.55 B Grade 
Ca) Notch Area 
le 3,300 
Cb) Notch/Fracture Surface 
x 3,300 
Cc) Fracture Surface 
X 3,300 

Fig.56 N Grade 
(a) Notch Area 
x 3.300 
(b) Notch/Fracture Surface 
x 3.300 
(c) Fracture Surface 
x 3.300 

Fig.57 TT Grade 
(a) Notch Area 
x }.300 
(b) Notch/Fracture Surface 
x }.300 
(c) Fracture Surface 
x }.300 

APPENDIX I 
Constructional crawings of experimental fixtures used 
in this research. 
All drawings are 1 : 1 scale and dimensions are in 
millimetres unless otherwise shown. 
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APPENDIX II 
Surface finish data for fatigue specimens tested in 
this research. 
The Ra and RTM values are the mean of three values , the 
RT values are the largest of fifteen measured values. 
Surface Condition Key:-
GG 
PP 
GS 
SP 
SPB 
GN 
PH 
ground as received 
polished 40/20 )J.. m diamond 
o ground and stress relief at 950 C in argon 
stress relief and 40/20 ~m diamond polish 
stress relief and 40/20 tAm diamond polish and bead 
blasting 
ground and notched 
40/20 Jtm polish and notched 
9 FIELDS REPORT FOR BATCH:B 
BATCH COND SPit STRESS RA RTM RM VALUES (,u.",) LIFE(C! 
11 .. ",z. 
B GG A2 1000 0.61 3.0 3.9 3.8 3.4 3 .3 .::. . ~ 1. 21E7 
B GG A3 1000 0.61 3 . 0 3.9 3.8 3.4 .;;, . ..;:. 3. 1 1. 21E7 
B GG A4 1100 0.65 3.6 4.4 4.2 4. 1 3.5 3 .0 2 .11E6 
B GG Al 1200 0.65 3.4 4 ..,. . ~ 4.2 3.7 3 .4 3.3 1. 71E6 
B GG A5 1400 0.73 3 .4 4.5 4. 1 4.0 3.7 3.6 2. 88E5 
B GG B6 1100 0.63 3.25 4.2 4.4 3.5 3 .4 3.0 9. 18E5 
B GG B5 1300 0.63 3.0 3.6 3. 1 3.5 4 .0 3.~ 4. 14E5 
B GG B4 1400 0.66 3 .3 ..,. '" ..... ...J 3.4 -.J . -.J 3. 2 3 .0 3. 96E5 
B GN C5 600 0.53 3.2 4.5 4.3 3.8 3 . 1 3.0 2. 12E6 
B GN C7 700 0.73 3 . 3 4.9 3.8 3 . 3 3 .4 - ~ ~.4 B.28E5 
B GN C3 800 0.76 0.38 4.9 4.7 4.2 4 .0 3.8 2.4E4 
B GN C6 900 0.61 2.9 3.4 3.2 3 .1 3 .0 2.9 6.0E3 
B ',GN C4 1000 0.65 3. 1 4 ., . ... 4.0 3.6 3 . 3 3.8 3E3 
B GN C2 1100 0.6 2.8 3.5 3.4 3. 1 3 . 2 2.9 3E3 
B GS E4 600 0.71 3.7 4.2 5.0 4. 3 4. 1 4.0 6. 24E6 
B GS E3 900 0. 71 3.4 4.6 4.4 4.2 4. 0 3.9 1. 5E4 
B GS E2 1000 0.58 2.9 3.8 3.5 3.2 2. 9 2.8 1. 5E4 
B GS El 1200 0.66 3.4 3.9 3.8 3.7 3. 6 3.5 1. 5E3 
B PN CB 1101/) 0. 1 0.2 0:4 0.3 0. 3 0. 2 0.2 1. 0BE5 
B PN 01 1200 0. 16 0.8 1.9 1.6 1.4 1.1 1.2 1. 06E6 
B PN D3 1300 0. 1 0.2 0.3 0.3 0. 2 0. 2 0.2 7.5E4 
B pp Bl 1100 0.05 0.3 0.8 0.6 0.3 o " .... 0.2 1. 8E6 
B pp BB 1100 0.09 0. 15 0.3 0.3 0. 3 0. 2 0.2 6.41E6 
B PP B7 1200 0. 1 0.2 0.2 0.3 0.3 0. 3 0.2 3. 63E6 
B pp B2 1300 0.05 0.3 0.B 0.3 0.3 0. 2 0.2 7.2E4 
B PP Cl 1400 0. 1 o ? 
. -
0.4 0.3 0.3 0. 2 0.2 4. 32E5 
B GS E6 1100 0.59 3.3 4.9 5.9 3 .9 3. 8 3.5 9E3 
B GS E5 B00 0.64 3. 1 4.2 3.9 3.7 3 . 1 3.0 1. 22E7 
B PN 05 900 0.09 0.2 21.3 o ~, • .£ 0.2 0. 2 0.2 3.6E4 
B PP A6 1400 0.05 o ~, • .£ 0.3 0.3 o ..,. . ..., 0. 2 0.3 5. 94E5 
B PP A7 1300 0.06 0.3 0.6 0.8 0. 4 0. 3 0.3 3. 96E5 
-------------------------------------------- - -------
--------------------------------- --------------------------------
• 
• 9 FIELDS REPORT FOR BATCH:Nl 
BATCH CONO SPit STRESS RA RTM RI'! VALUES (.llln) LIFECC 
(MOl ",'z.) 
Ni GG B5 800 0.7 3.67 4.6 4. 1 4. 111 3.8 3.6 1. 8E4 
Nl GG B4 900 0.56 3 . 13 4.2 4.0 3 . 8 3 .3 3.2 0 
Nl GG B6 900 0.7 3.5 4.7 4.3 4.2 3.5 .,. ? 4.5E5 ..... -
Nl ~uG B7 900 0.69 3.37 5.2 4 -:;. 4.3 3.8 3.7 8. 15E6 . -
Nl GG 83 1000 0.68 3.53 5.3 4.3 4. 0 4.7 3 .7 3. 24E5 
Nl GG B9 1000 0.8 4 ~. 5.2 4.9 5. 7 4.6 4.5 lo! ;;,~l . "-
Nl GG Bl 1050 0.83 4.0 6.5 6.4 5. 0 4.8 4.4 1. 2E6 
Nl GG A12 1100 0.69 3 .47 4.9 4.5 4. 1 3.9 3.7 3. 29E6 
Nl GG BB 1100 0.74 3.7 4.9 4.3 4. 2 4.0 3.8 8.8E5 
Nl GG B12 1150 0.59 3. 1 3.8 3.5.3.3 3.2 3. 1 4. lE7 
Nl GG All 1200 0.63 3 .47 4.5 4. 1 4.0 3.9 3.5 0 
Nl GG Bl1 1200 0.65 3.5 4.6 4.5 4.111 3.9 3.8 1. 08E5 
Nl GG B2 1200 0.68 .,. .,. ......... 4.0 3.8 3.6 3.4 .,. -""".~ 1. 26E5 
Nl GG A10 1300 0.53 2.63 6.2 4.4 3.8 3.5 3.2 7.2E4 
Nl GG A10 1300 0.53 2.63 6.2 4.4 3.8 3.5 3.2 7.2E4 
Nl GG B10 1400 0.55 2 .9 3.8 3.5 3.3 3.~ 3. 1 2. 85E7 
Nl PP C10 900 0.2 0.5 1.1 1.0 0.6 0.4 0.2 7. 78E7 
Nl PP Cl1 900 0. 19 0.5 1.3 1.2 1.0 0.6 0.3 3. 65E5 
Nl PP C9 1000 0. 1 0.2 0.5 0.3 0.3 0.2 0.2 • 6.3E5 
Nl PP Cl 1100 0.09 0.2 0.4 0.3 0 .3 0. 2 0.2 2.77E7 
Nl PP 01 1100 0.075 0.2 1.0 0.9 0.3 0.3 0.2 1. 5BE7 
Nl PP C12 1200 0. 16 0.37 1.0 0.9 0.7 0.4 0.3 6. 23E6 
Nl PP C7 1200 0.09 1Zl.12 0.3 0.3 0. 2 0. 2 o -. . "'- 9.1E7 
Nl PP 03 1200 0.09 0.2 0.4 o .,. . '" 0.2 0. 2 1.5E4 
Nl PP C4 1300 0. 1 0.25 0. B 0.3 0.3 0. 2 0.2 1. 75E7 
Nl PP C6 1300 0.12 0.3 1.2 0.6 0.4 0 . 3 0. 4 2.7E7 
Nl PP C2 1400 0.09 0.2 0.3 0.3 0.3 0 . 3 0.3 4. 08E6 
Nl PP C3 1400 0.095 0.25 0.3 0.3 0.3 0. 3 0.2 6. 23E7 
Nl PP C5 1400 0.09 0.35 0.B 0.6 0.5 0., 5 0.4 1. 25E5 
-----------------------------------------------
--------- ----------------------- ----------------------------------
9 FIELDS REPORT FOR BATCH:N2 
BATCH CONO SPit STRESS RA RTM RM VALUES (u.",) LIFE(C 
(MNIIl- 1) 
N2 GG E3 1200 0.45 2 . 1 3. Cl) 2 . 9 2 .6 2 .5 2 .4 4. 45EE 
N2 GG E2 900 1.1 4.7 5.2 E.0 5.4 5.2 5.0 1. 35E7 
N2 GG El 1000 0.25 1.4 1.9 1.7 1.6 1.4 1.3 1. 35E7 
N2 GG F8 1100 0.3E 2.0 2.9 2.4 2.2 2.0 1.8 5. 89EE 
N2 GG F10 1200 0.3 1.8 2.3 2.2 2.0 1.9 1.7 8 .• 28E5 
N2 GG Fll 1200 0.28 1.5 2 .3 1.8 1.7 LE 1.5 2.E5EE 
N2 GG F9 1200 0.34 2.0 2.E 2.0 2.2 1.9 1.8 1.53E7 
N2 GG E4 1300 0.42 2. 1 3 . (2) 2.E 2.4 2 . 3 2.2 1.35EE 
N2 GG EE 1300 0.34 1.7 2 .4 2. 1 1.9 1.8 1.7 5.7EEE 
N2 GG E5 1400 0.39 2. 1 2.9 2.6 2.52.3 2 . 2 9.2EE 
N2 GS 07 800 1. 21 4.7 E.5 5.9 5.5 5.2 4.8 9E7 
N2 GS 09 900 0.38 2.2 3.0 T ~ ...... -' 2:6 2.7 2.3 1. E2E5 
N2 GS 08 950 0.33 1.7 2.2 2.0 1.9 1. 8 1.8 5.4E4 
N2 GS OE 1000 0.39 2. 1 3 . 1 2.5 2.4 2.0 1.9 3E3 
N2 GS 010 1050 0.31 1. 85 2.6 ~. .,. £ .... 2. 4 2.2 1.9 4.5E4 
N2 GS D5 1400 0.37 1.7 2.4 2.3 2. " 1.9 1.8 0 N2 PN F3 1100 0. 1 0. 15 0.3 0.3 0.2 0. 2 0.2 3. 08EE 
N2 PN F5 11~0 0. 1 0. 13 0.2 o ~. .£ 0. 3 0. 2 0. 1 5.4E4 
N2 PN FE 1100 0.09 0. 15 0.2 Cl) ';. 
. -
0. 2 0. 2 0. 1 9E3 
N2 SPB Gl1 1100 0.12 0. E LE 1.5 0.7 0. 5 0.4 1. 98E5 
N2 SP E9 1100 0.13 0.4E 0.9 0.8 0. 7 0. E 0.5 5.4E5 
N2 SP G8 1100 0. 1 0.2 0.3 0.3 0.3 0.2 1.0EEE 
N2 SP Ell 1150 0. 1 0. 15 0.2 0.2 0. 2 0. 2 0. 1 E.84E5 
N2 SPB G10 1200 0. 1 0.5 1.0 0.7 0.5 0. E 0.4 3. 94EE 
N2 SP E8 1200 0.09 0.15 0.2 0.2 0.2 0. 2 0. 1 1. 8E4 
N2 SP G7 1200 0.19 0.9 1.8 1.3 1.2 1. 1 1.0 1.8E4 
N2 SPB Hl 1300 0.19 0.8 1.8 1.4 1.2 1. 5 2.5 1. 2EE5 
N2 SP E10 1300 0. 1 0.4 1.0 0.9 0.6 0. 6 0.5 1.2E4 
N2 SP E7 1300 0. 1 0.32 0.7 0.E 0.5 0. 3 0.3 3. 78E5 
N2 SP G9 1300 0.09 0.2 0.3 0.3 0.3 0. 2 21.2 3E3 
N2 SG G2 1200 0.35 1.8 2.75 2 . 3 2 . 1 2.5 2.0 1. lE5 
N2 SG G3 1150 0 . 42 2.3 2.7 2.E 2.4 2. 3 3.4 1. lE4 
N2 SP G4 1(1'00 111.09 0. 18 0.3 0.3 0.2 0. 2 o ? 
. -
8 .E4E5 
N2 SP G5 1200 0. 18 0.9 1.3 1.2 1. 1 1.0 0.9 7.2E4 
------------------------------------------------------------------
9 FI ELDS FO R BATCH : N3 
BATCH COND SP STRESS RA RTM RH VALUES ()J.m) LIFE (CS ) 
(~ .. .,;a.) 
1'\3 GG' H~ 
- ' 1100 0.79 4 '," 5.7 l~ . 9 4.5 4. 5 4.1 ::. E5E7~ 
N~ GG 1-1 "':. 1200 0 . 9 4 . 5 6.5 5.e 5.4 5 . 3 = -. 1. ~ 7"-7 
-' 
, ~ ...J . ~ 
N3 G3 H4 1380 0 . 8 3 . 8 5.0 4 . 4 4 . 5 4 -:;. 4.0 S.5E5 
N< 
.J GII: I 10 1000 1 . • 52 5.9 9. III 8 ';. 7 . 0 5. 8 6.5 3.SE4 
N3 GII: III 1000 1. 23 ~ .,. ..J . ~ 7 . 5 6.5 5.4 ~ ~ .J • ..J 5.0 2.7E4 
1\13 GN r5 10e!1ll 0.88 4 . 4 7. 1 5 . 1 5. 0 4. 9 4.7 gEL... 
N~ GN 17 1000 0.85 4 . 3 ~ 7 e -. 4 . 9 4 . 8 4.7 1. ~lES 
.' ..J . ~ ...; . L 
N3 GN 18 101110 0 . 83 4 . 0 7 . 5 4 . 9 4 . 8 4. 5 4 . 3 1. 98ES 
N"':!" 
'.' GN 19 1000 1.1 5.6 a C' -, • ..J 5 . 3 5 . 2 5. 0 5.8 3.4E5 
N3 GN H7 1100 0.95 5 . eJ 5 . 7 5 . 6 5 . 4 C' .,. ..J . .... ' ~ -. ...J • ..:.:.. 1. 74E5 
N" '.' PII:' Hll 900 0 . 13 0 . 58 ~:. 1 1 ",C" • ~.J 0. 75 0.5 eI. 3 1 . 5E4 
N3 PN H10 1000 0 . 11 ~. 3:; 1.0 0 .. 5 0 . 45 0 . 4 (2) --::,c:-• _..J 0 
N3 PN H8 1 H)0 0 . 1 o ';. el . 3 el .-:.C" • .;....J el 'jC" • ..:....J o "';, III ';. 3E3 
N3 PN H9 1100 0 . 1 o ';. 
. -
o -. . ... o ';. 
· -
o ';. 0. 15 0. 15 5E3 
N3 PP I1 1200 0. 12 0.45 1. 75 1.0 0 . 8 0.5 0 . 4 1 . 2E7 
N" 
-' 
PP I 1 1 200 0. 12 0.45 1. 75 1.0 0 . 8 0.5 0 . 4 1 . 2E7 
: N3 PP 12 1200 0 . 09 III .~. o ~. . '" o .~. o "';. o ';. . - Ill. 2 5. lEE, 
N3 PP 12 1 21Zl1ll 0.09 0 . 2 o .~. o "';. o ." . - 0 . 2 eJ ") . - 5. :EE 
N3 PP 13 1400 0. 12 0.35 1.8 0.75 0 . 5 0.45 o ~.~ • ...:...J 1. 21E7 
N3 PP r3 1400 Ill. 12 0.35 1.8 0 . 75 0 . [; 0 . 4.5 o ~,C" • _..J 1.21£7 
9 FIELDS REPORT FOR BATCH:Tl 
BATCH COND SP# STRESS RA RTM RM VALUES()J.."') LIFE(D 
( ., >/",- 2.) 
T1 GG A9 750 0.89 4..5 5.4 5.2 6.3 4..B 4..7 6.6E5 
T1 GG B5 901Z1 0.72 3.7 4..5 4.3 4.0 4.3 3.7 5.~3E7 
T1 GG B2 951Z1 1ZI.55 3.5 4..5 4.4 4.3 4 ? 
· -
4.1Z1 0 
T1 GG A7 1001Z1 .74 3.76 cc -. -,.L.- 4.0 3.8 4.8 3.6 5. 72E7 
T1 GG Bl llZ1lZ1lZ1 1ZI.75 4. 12 5.2 5.eJ 4.7 4.3 4 0:::' 
· -
3. 19E6 
T1 GG B4 1051Z1 0.85 4 -. .,L 5.0 5.4 5.0 4.7 4.6 4. 1E5 
T1 GG A10 1301Z1 0.57 3.5 5.5 4.5 4.3 3.9 3.8 1.3BE5 
T1 GG AB 131Z11Z1 7~' . ... 3.6 4.9 4.7 4.5 4 ? 
· -
4. 1 2. 34E5 
T1 GG A8 1301Z1 0.72 3.6 4.9 4.7 4.5 4.2 4.1 2. 3 4E5 
T1 GG A6 1325 .56 3.7 4.5 4.5 4 .2 cc ? 
-'. - 4.1Z1 2.3BE8 
T1 GG B3 1375 1ZI.82 4.0 7 -. • L- 4.8 4.5 4.4 4.2 3.1Z16E5 
T1 PP B7 1050 0. 11 (2) "e:-. --' 0.5 0.3 0.3 o ';. 
· -
0. 1 3E3 
T1 PP 89 901Z1 0. 12 0. 41 1.3 1ZI.9 IZI. 6 0.4 0.3 1. 45E7 
T1 PP Dl1 91Z10 0.1Z19 0.2 0.3 CZJ.3 IZI. 3 0.2 (Z) ";. 
· -
3. 24E5 
T1 PP BllZ1 1000 o -. . "- 0.092 0.3 0.3 0.2 QJ "7" o ? 
· -
3. 78E5 
T1 PP BB 1000 0.085 0.2 0.3 0.3 0.2 0 .2 o ? 
· -
2. 23E6 
T1 PP C3 1000 0. 19 0.9 1.7 1.5 1.3 1.1 1.0 1.8E4 
T1 PP D3 101Z10 0. 13 0.4 . 1.3 1.0 0.B 0.5 0.4 2.07E6 
' Tl PP Dl 1051Z1 0.09 0.2 0.3 0.3 (2).2 0 .2 0.2 5.4E6 
T1 PP D" "- 1050 . 26 1.52 2. (l) 2.8 loB 1.8 1.6 1. 2 4E6 
T1 PP B6 1100 0.095 0.2 0.3 0.3 o -. • L.. 0 .2 (2).2 5.4E5 
T1 PP D10 1100 0.09 0.2 o ..,. . '-' 0.3 0.2 Cl) ,,::. 
· -
o ? 
· -
1. 44E5 
T1 PP C10 1150 0.27 1.5 2.9 2.8 1.7 1.6 3.7 5.4E4 
T1 PP DB 1200 0. 13 0.38 0.5 (2).3 1.0 1.6 0.6 1. 08E5 
Tl PP Bl1 1250 0. 1 0.2 1ZI.3 (2).2 0.2 0 .2 o --;0 3.6E5 
T1 PI<' D5 1300 0. 1Z19 1ZI.23 1ZI.4 0.3 1ZI.3 0 .3 eJ ";. 
· -
1. BE4 
T1 PP Cl1 141Z10 0.12 0.41 1.8 1.6 1ZI.4 0.3 0.2 8. 1E4 
T1 PP 04 1301Z1 IZI. 12 0.46 1.2 1ZI.9 IZI . 7 0.5 1ZI.4 IZI 
T1 PP D5 1200 0. 1 o ..-,t:" • L-..J 0.5 1Zl.40.3 0.3 IZl ? . - 1. 26E5 
---------------------- ---". 
9 FIELDS REPORT FOR BATCH:T2 
BATCH COND SP# STRESy (Mo.! ",.:t RA RTM RM VALUES ()..lm) LIFE(C 
T2 GG E4 1121121121 0.29 1.5 2. 1 1.8 1.7 1.5 1.4 1. 59E7 
T2 GG Hl 112100 121.31 1.5 1.9 1.7 1 .5 1.3 1.2 1. 3E5 
T2 GG E5 11121121 121.37 1.9 2.8 2. 7 2 .6 2.3 2.2 3. 95E5 
T2 GG Gll21 11121121 0.33 1.7 2.6 2.2 1.9 1.8 1.7 1. 93E6 
T2 GG Gl1 11121121 121.37 1.8 2.7 2.5 2.121 1.9 1.7 1. 76E4 
T2 GG E8 1150 121.45 2. 1 2.9 2. 7 2.5 2.4 2.3 1. 98E5 
T2 GG E5 121210 121.4 2. 1 3.0 2.7 2.6 2.3 2.2 1. 21E6 
T2 GG G9 125121 0.28 121. 15 2.2 2. 1 1.8 1.7 1.6 1. 37E6 
T2 GG E7 13121121 121.35 1.8 2.4 2.3 2.2 2. 1 2.0 5.4E4 
T2 GG E9 14121121 121.45 2.5 3.9 2.9 2.7 3 . (2) 2.6 2. 34E5 
T2 PN G7 9121121 121. 11 121.39 1.121 0.8 121. 6 0.5 0.4 3E3 
T2 PN G3 11121121 121. 1 121. 13 121.4 121.4 0.2 eJ.2 0.2 0 
T2 PP E2 95121 0. 1 121.2 0.2 0.2 0.2 o ? 
. -
121 -. 
· .:.. 7. 92E5 
T2 PP El 115121 121. 1219 0.2 121.3 0.3 0.2 0.2 o -. 
· "'-
2. 52E5 
T2 pp E3 125121 121.1219 0.2 0.2 121.2 0.2 0.2 0.2 1.8E4 
T2 SG F5 91210 121.39 2 . 1 3 .0 2.9 2.7 2.3 2.2 2. 25E4 
T2 SG F5 1121121121 0.33 1. 75 2 .5 2.2 2. 1 2.0 1.8 1.8E4 
T2 5G F4 115121 0.38 2. 1 2.7 2.5 2 . 52.3 2.1 1. 2E4 
T2 SG F3 13121121 121.37 1.9 3 . 2 2.3 2.2 2. 1 2. 121 3E3 
T2 SP F8 91210 0. 12 0.3 121.5 121.4 0.3 0. 3 0.2 1. 8E5 
T2 SP Fll 1121121121 0. 17 121.75 1.1 1.1 1 • 0 0. 9 0.9 1. 8E5 
T2 SP G2 1000 0.26 1.1 2 .4 1.9 1.71.6 1. 3 2.4E4 
T2 SP Gl 1100 121. 13 121.57 1.121 121. 7 0.60.7 0.5 1. 2E4 
T2 SP F9 1200 0. 1 0.17 0.7 0.3 0.2 0.2 o ? 
· -
9E3 
T2 SP F10 1300 0. 15 0.55 1.1 1.121 121.80.7 0.6 6E3 
T2 GG H4 70121 121.33 1.6 2.2 2.1 1.8 1.7 1.7 9. 12E7 
T2 5G H5 850 0.31 1. 55 2.6 2.2 2.121 1.9 1.8 2. 88E5 
T2 SG H6 81210 0.31 ' 1. 55 1.9 1.8 1.7 1. 7 1.5 3. 05E5 
T2 SG H7 750 0.25 1. 19 2.4 2.2 1.9 1.8 1.7 3. 24E5 
T2 SP H8 75121 0. 1 0.2 0.3 0.3 0. 2 121.2 0.2 3 . 15E6 
T2 SP H9 81210 0.12 0.3 1.121 0.9 0. 3 0 . 2 0.2 5. 24E6 
T2 SP H10 850 0. 13 0.45 1.1 0.7 0. 6 0. 5 0.5 1. 55E5 
--~--------------------------------------------------
9 FIELDS REPORT FOR BATCH:T3 
BATCH COND SP# STRESS RA RTM RM VALUES (}A.m) LIFE( Ci 
(M.,m-~) 
T3 PG K13 912H/l Ill . 15 1.12l 1.5 1.3 1. 1 1 ';. 
. -
1. III 9. 54E5 
T3 PGR L6 112l12l12l 12l . 14 1.12l 2.8 1.6 1.5 1.0 12l .9 3. 06E5 
T3 PG L3 1112l12l 12l . 19 1.25 1.6 1.5 1.4 1.2 1.0 5.4E4 
T3 PG L4 1212l12l 12l . 15 12l.8 2.4 1.8 1.111 0.B 0.7 4.5E4 
T3 PP K4 112l12l12l 111.08 12l.26 1.1 0.3 0 .3 0.2 Ill . 1 1. 34E7 
T3 PP K6 1111012l 11I .12l9 111 .25 12l .6 I2l .,. . ~ 0.3 0 .3 0.2 4.B6E5 
T3 PP K7 11215111 11I .12l9 e1 .25 111.4 0 .3 0.3 el .3 0.2 2. 34E5 
T3 PP K5 1 Hll2l 111. 1 111.26 111.5 0.3 0.3 0.3 0.2 1. 26E4 
T3 PP KB . 1212l11l 111 . 11 0 .25 12l .5 12l.4 0 .3 (2) .25 III ? 
. -
3E4 
T3 SP Jl 9 III 111 111. 1:::; 111. 41 1.4 0 .6 0 .5 0.3 0.2 1.35E6 
T3 SPB J5 111112l11l .111.26 1.8 3.9 'T ""' ~."'- 2 .0 1.9 l.B 1. 16E7 
T3 SP J2 111112l12l 12l.12l9 0 .25 12l .6 0 .5 0 .3 0.3 0.2 8. 28E5 
T3 SPB J6 121110 Q) "",C" .£..J 1.6 2.6 2 .4 2.111 . 9 1.8 3.11l6E5 
T3 SP J3 1211111l 111 . 1 111 . 31 12l.9 12l.7 12l.5 0 .3 12l. 3 7 . 2E4 
T3 GN J9 712l1ll Ill. 88 4.3 3 .3 3.4 4 .2 5.5 5 .0 1. 57E6 
T3 GN J111l 1 III III III 1. 1Il5 5.3 4 .5 4. III lel.11I 4 . 1 4. III 3E3 
T3 GN J11 8 III III Ill . 83 4 .3 5 .2 ~ .-;. ... ' . .:.. 3.9 3.7 5.3 I2l 
T3 GN J13 812l12l 1. 1215 5.7 6 .5 6 .5 5.5 4.6 5 .5 1.5E3 
T3 SLPB J4 91210 I2l ~-. • .<."- 12l.93 1.2 1.12l 12l.8 IIl .B 12l.7 B.98E6 
T3 GG ' IU 900 0.92 4.4 5 .7 5 .2 5.8 4.9 4.7 1. 62E6 
T3 GG K2 912112l 12l.94 5.3 6.2 5.7 5.3 5 - . .L 5. 1 2. 16E6 
T3 PP K3 912l12l 111 . 21 1.3 2.2 1.9 1.7 1.9 1.5 1. 49E6 
T3 GG Kll2l ' 12121121 Ill . 87 4 .7 6. 1 5.7 5.3 5. III 4.8 9E3 
T3 GG 1<12 1112l12l 12l.84 5. 1 6.7 5.B 5.12l 4.95 4. 9 1. 44E5 
T3 GG J14 112l12l1ll 12l .75 3. 9 5.3 5 .121 4.5 4.2 4.6 5. 94E5 
T3 GGN J7 BI2lI21 12l .94 4.9 5 . 1 4.3 6 .4 4.6 4. 1 1.5E3 
APPENDIX III 
SURPACE F INI SH RESULTS TAKEN m Oll! COMMERCIAL COLD HEADING DIE 
(W:rm:T) 
_______ _ ____ / ...... ---9 
----- ----- - - --+-
A 
AREA A (BORE) 
Ra (.um) RTlI! (~m) RT ().la ) 
0 . 3 3.5 0 . 8 8 . 0 6.0 0.8 0.6 
0 . 05 0 . 8 1 . 2 1 .1 0 . 6 0 . 7 0. 5 
0 . 10 0 . 9 1 . 0 0. 9 0 . 8 0. 8 1. 2 
0.14 1 . 1 1.2 1.2 1.2 0.8 1.1 
0 . 16 1.3 1.0 1.7 1 .2 1 .1 1.3 
AREA B ( ENTRA..1iCE TO DIE) 
Ra (pm) RTJd <,um) RT (J.lm) 
0.7 4.7 7 .8 6.0 2.9 3 . 0 3.2 
0.75 4.9 5.0 7.0 5.1 2 . 5 3.9 
0.70 5.8 4.3 1.8 7 .4 8 . 0 7.4 
0.65 4.4 3.2 7 .5 4.8 2 . 0 4.3 
0.65 3.6 3.2 3.8 4 .5 4 . 7 1.6 

